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Abstract 
Petroleum hydrocarbons in the sludge are unavailable for utilization by 
microorganisms. Surfactants have the potential to increase the bioavailability of such 
pollutants due to their capability of reducing the surface and interfacial tension and 
increasing the solubility of hydrocarbons in water. In this study, the production of 
biological surfactants during sludge bioremediation was observed using surface 
tension measurement method. The addition of two different chemical surfactants 
(Igepal C0-630 and Cedephos FA-600) and a biosurfactant (Rhamnolipids) were 
tested using a laboratory respirometer, and the effects of such surfactants on the 
biodegradation of total petroleum hydrocarbons (TPH) in the oil refinery sludge were 
investigated. All surfactants were found to be effective for improving microbial 
growth at low concentration. Igepal C0-630 at 400 mg/kg, Cedephos FA-600 at 400 
mg/kg and Rhamnolipids at 200 mg/kg were found most effective in improving the 
reduction of TPH compared to the control sample. 
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CHAPTER 1 INTRODUCTION 
Crude oil contaminated sludge from the petroleum industry should be safely treated 
before disposal due to high concentrations of petroleum hydrocarbons. Physical-chemical 
processes for detoxifying contaminated sludge are expensive and a variety of 
bioremediation methods (such as bioreactors, soil-slurry treatment, land-farming, 
composting as well as their alternatives) have been widely used for treating oily sludge 
during the past years because of their simplicity, low-cost and low-toxicity. The 
bioremediation method utilizes indigenous or extrinsically acclimated populations of 
microorganisms (including various types of bacterial, fungi or protozoa) to ultimately 
break down organic substrates into water and carbon dioxide through metabolic 
processes. However, bioremediation also has disadvantages, it is a relatively time-
consuming and low-efficiency process which may restrict applications of bioremediation. 
One of the most important problems in applying bioremediation is the limited 
bioavailability of organic substrates to microorganisms. Most microbes only use 
petroleum hydrocarbons as their carbon and energy sources when the substrates are 
dissolved into the aqueous phase or when they are directly attached to the substrates. 
Unfortunately, most petroleum hydrocarbons are insoluble in water or trapped in the soil 
phase by strong adsorption to soil particles which make them unavailable to the 
microorganisms. 
Microorganisms can produce biosurfactants to improve the limited bioavailability 
when encountering the insoluble substrates. The natural role of biosurfactants is closely 
related to cell motility, cell-cell interactions, cellular differentiation, substrate accession 
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and avoidance of toxic elements (Van Hamme et al., 2006). The addition of synthesized 
chemical and/or biological surfactants could have similar beneficial functions to naturally 
produced biosurfactants and improve the efficiency of biodegradation by increasing 
bioavailability. This might be achieved by reducing the surface and interfacial tensions 
between oil-water phases to increase the solubility of insoluble substrates (i.e. petroleum 
hydrocarbons), forming micelles in aqueous and soil phases to increase the 
"solubilisation" of substrates and emulsifying different phases to increase the contact area 
of microbes and substrates. The interaction of microbial cells and the soil surface would 
improve the motility of microbes so that the chances of direct microbial uptake of 
substrates could be increased. However, beneficial, inhibitory and neutral effects of 
surfactants on biodegrading hydrocarbons by microorganisms have already been observed 
by many researchers (Oberbremer et al., 1990; Rasiah and Voroney, 1993; DescheAnes et 
al., 1996; Volkering et al., 1998; Van Hamme and Ward, 1999; Rahman et al, 2003; 
Singh et al., 2007). Many parameters have been found to show considerable impacts on 
the biodegradation efficiency, such as the charges of chemical surfactant's hydrophilic 
moiety (Volkering et al, 1998), hydrophile-lipophile balance (Bruheim and Eimhjehhen, 
1997; Van Hamme and Ward 1999), critical micelle concentration (Desai and Banat, 
1997), chemical structures of surfactant (Van Hamme et. al. 2006), pH of oily sludge 
(Rasiah and Voroney, 1993), and biodegradability of surfactants (Ajay et al., 2007). 
Various interactions between surfactant micelles and different chemical species in crude 
oil (Ash and Ash, 1993) or between surfactant micelles and different species of petroleum 
hydrocarbon-degrading microorganisms were also reported (Bruheim and Eimhjehhen, 
1997). Although many studies were conducted to explore the effects of surfactants on 
biodegradation process, contradictory results even under similar situations have been 
constantly reported in literatures. Therefore, no general trend could be observed and more 
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research inputs in this field are still needed to address the uncertainties of applying 
surfactants for bioremediation (Volkering et al., 1998). 
The identification of effective concentrations and type of surfactants to enhance 
biodegradation of petroleum hydrocarbons in oily sludge is a very challenging task. More 
research studies are required to make surfactant-addition process as a standard method to 
improve the bioremediation of petroleum wastes. The objective of this thesis is first to 
investigate the existence of biosurfactants produced by native organisms in the sludge/soil 
mixture during the process of biodegradation, and then to examine the effects of different 
types and concentrations of chemical and biological surfactants on biodegradation of 
hydrocarbons from bottom sludge found in oil refinery tanks. To achieve such objectives, 
a series of laboratory experiments were designed and implemented for biodegrading 
petroleum hydrocarbons in the crude-oil storage tank bottom sludge collected from an oil 
refinery plant. The microorganisms existing in the soil nearby a landfarming site of 
petroleum wastes were used. Various factors related to bioremediation were controlled to 
conditions similar to values recorded in the literature as well as from pilot experiments, 
including mixing ratio of soil and petroleum sludge, initial pH, temperature, nutrients, 
oxygen supply, as well as moisture content. Three types of surfactants were used to test 
how the surfactant types and concentrations would affect the biodegradation efficiency. 
The surfactants include two chemical surfactants of Igepal C0-630 (non-ionic) and 
Cedephos FA-600 (anionic) as well as one biological surfactant of Rhamnolipids 
(anionic). The bioremediation process for each batch of experiments lasted for 14 days 
due to the limitation of laboratory equipment requirements. During the treatment, a 
headspace gas respirometer (Bio-2000, Bioscience Inc.) was used to measure oxygen 
uptake rate from the growth of microorganisms in the soil/sludge mixture in order to 
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monitor the microbial activities. The concentrations of total petroleum hydrocarbons 
(TPH) in soil/sludge mixture before and after the treatment were extracted using DCM by 
mechanical shaking extraction and then analyzed by gas chromatography. Thus, the TPH 
reduction through biodegradation could be clearly observed. The surface tension of 
sample extracts without any addition of surfactants during the biodegradation process was 
measured using a semi-digital tensiometer to examine the production of biological 
surfactant by ingenious microorganisms. 
The organization of this thesis is as follows: Chapter 2 provides a review of relevant 
literature and background information pertinent to the thesis; Chapter 3 describes the 
materials and methods; Chapter 4 reports the results and analysis obtained from the 
experiments; Chapter 5 discussed the detection of biosurfactants production and 
surfactant effects on microbial growth and TPH reductions during biodegradation; and 
Chapter 6 addressed the problems that occurred during the experiments and presented 
conclusions drawn from the experimental results. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Crude oil contaminated sludge and limitation of current treatment 
The petroleum industry is challenged to deal with large quantities of oily sludge which 
may come from various sources such as pump failures, desalter failure, oil draining from 
tanks and operation units, pipeline ruptures below or above ground, and seepages due to 
failure or periodical cleaning of storage tanks (Kuriakose and Manjooran, 2001). For 
example, the oily sludge from the bottom of crude oil storage tanks is a very viscous and 
thick mixture. Typically the sludge contains small portions of water, sediments and metals as 
well as large amounts of petroleum hydrocarbons, including some volatile organic 
compounds and some highly recalcitrant compounds such as aromatic hydrocarbons, 
polycyclic aromatic hydrocarbons (PAHs) and complex compounds with very high molecular 
weight, like asphaltenes (Ferrari et al., 1996; Adriana and Nei, 2002). Through the release of 
volatile hydrocarbons into air and the leak of contaminants into groundwater and soil system, 
the direct land disposal of oily sludge may pose significant risks to the environment and 
serious health hazards to humans (Mishra et al., 1999; CCME, 2000). 
Oil refinery sludge is a multiphase-system with marked stability due to the strong 
adsorption of oil onto the soil particles producing a highly protective layer (settling at the 
bottom of the storage tanks). With the existence of surface-active materials and charge 
repulsion brought out by organic polar fractions in petroleum wastes, the sludge is always 
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formed as homogenous emulsion (Adriana and Nei, 2002). The strong stability of oily 
sludge makes it very difficult to be treated. In the past, the oily sludge was disposed of after 
mixing with soil and partially stabilized with additives such as magnesite. Nowadays, it is 
generally detoxified using expensive physical-chemical processes (Jose Luis et al., 2006), 
such as centrifugation, thermal desorption, solvent extraction and hydrothermal processing as 
well as incineration (Maria and Shiva, 2005). These technologies are very expensive to 
implement and are frequently inadequate to meet current and future regulations (Conaway, 
1999). Some methods even have the potential risk of secondary pollution, such as 
incineration which may produce toxic and potent carcinogenic gases during the process. 
Some researchers have been developing sustainable technologies such as "electro-kinetic 
transformation" for separating phases of oil wastes for reuse (Elektorowicz and Habibi, 2005) 
These technologies could satisfy both sustainable development and environment protection, 
but are not mature enough for being the option of regular treatments. 
2.2 Bioremediation of petroleum sludge 
Bioremediation is currently the most popular method for treating petroleum wastes by 
stimulating the pollutant-degrading activities of microorganisms which convert harmful 
organic matter into harmless inorganic products. Since hydrocarbon-degrading bacteria and 
fungi are widely distributed in various environments (Atlas, 1981), bioremediation becomes 
attractive as a simple and low-cost technology for the petroleum industry for handling most 
of the sludge and contaminated soil found in refineries (Ferrari et al., 1996). 
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2.2.1 Factors affecting biodegradation of petroleum wastes 
2.2.1.1 Microorganisms 
Hydrocarbon-degrading microbes are broadly distributed in marine, freshwater, and 
soil habitats (Atlas, 1981). The primal degraders for hydrocarbons in the environment are 
bacteria, fungi and yeast which are very plentiful in soil. They are readily isolated from the 
soil, and with the application of oily wastes, the numbers of bacteria and fungi will increase 
(Leahy and Colwell, 1990). The most important hydrocarbon-degrading bacteria in soil 
environments include Achromobacter, Aerobacillus, Acinetobacter, Alcaligenes, Arthrobacter, 
Bacillus, Bacterium, Beijierinckia, Botrytis, Citrobacter, Clostridium, Corynebacterium, 
Desulfovibrio, Enterobacter, Escherichia, Flavobacterium, Gaffkya, Methanabacterium, 
Micrococcus, Micromonospora, Nocardia, Pseudomonas spp., Sarcina, Serratia, Spirillum, 
Thiobacillus and the coryneforms. Among fungi, Aspergillus, Cephalosporium, 
Cunninghamella, Torulopsis, Trichoderma, Saccharomyces and Mortierella spp. are found to 
be capable of degrading hydrocarbons in soil. Yeast also has been reported to contribute to 
biodegradation of petroleum hydrocarbons in soil, including Candida, Rhodotorula and 
Torula. (Leahy and Colwell, 1990; Riser-Roberts, 1998) 
The microorganisms are capable of oxidizing petroleum hydrocarbons into carbon 
dioxide and water to obtain energy and form their own biomass. The aerobic biodegradation 
of petroleum hydrocarbons could be simply described as follows (Young and Cowan, 2004a): 
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Microorganisms 
Hydrocarbons + O2 > CO2 + H 2 0 + Biomass 
Since individual organisms can metabolize only a limited range of hydrocarbon 
substrates, application of mixed populations of microorganisms with overall broad enzymatic 
capacities are required to degrade complex mixtures of hydrocarbons such as crude oil in 
petroleum wastes (Bossert and Bartha, 1984; Britton, 1984; Leahy and Colwell, 1990; Pieper, 
2005). Prior exposure of the microbial community to hydrocarbons would increase the 
hydrocarbon-oxidizing potential through adaptation. Three interrelated mechanisms through 
which adaptation can occur are (i) induction and/or depression of specific enzymes, (ii) 
genetic changes which result in new metabolic capabilities, and (iii) selective enrichment of 
organisms capable of transforming the compound or compounds of interest (Spain et al, 1980; 
Spain and Van Veld, 1983; Leahy and Colwell, 1990). Consequently, the accumulation of 
selected mixed species (i.e., inoculation) could be effective at enhancing the biodegradation 
rate of hydrocarbons. For example, Adriana and Nei (2002) utilized adapted and enriched 
microorganisms for biotreatment and their results showed that the acclimatization was one of 
the key variables in assuring the success of biodegradation for petroleum residues; Gallego et 
al. (2007) developed a consortium consisting of four microorganisms and found that 
biotreatment using these microbial consortia was very effective to degrade not only linear 
alkane, but also cycloalkanes, branched alkanes as well as aromatic and sulphur-aromatic 
compounds. However, augmentation with hydrocarbon-degrading inocula has also been 
reported to have no significant effect on the bioremediation process of landfarming (Ward et 
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al., 2003). Such conflicting results may be caused by different communities of 
microorganisms or growth conditions. 
2.2.1.2 Petroleum sludge as carbon source 
Petroleum sludge is generally a combination of sediment, paraffin, water and high 
concentration of multifarious hydrocarbons which include saturates, aromatics, resins as well 
as asphaltene. The bioavailability of these substrates for microorganisms as carbon sources is 
different. A generalized sequence of petroleum components in order of decreasing 
bioavailability is described as follows: n-alkanes > branched-chain alkanes > branched 
alkenes > low-molecular-weight n-alkyl aromatics > monoaromatics > cyclic alkanes > 
polynuclear aromatics > asphaltenes (Huesemann, 1995). Generally, the greater the chain 
length and amount of branching, the more resistant the compound is to microbial attack 
(Adriana and Nei, 2002). As compared to fresh wastes, weathered petroleum sludge could be 
more recalcitrant to be degraded due to higher concentration of heavy hydrocarbons such as 
the accumulated PAHs and asphaltenes. When treating petroleum sludge using 
biodegradation methods, the initial concentration of the petroleum hydrocarbons could have 
impact on the efficiency of treatment. For example, Chokshi (2003) studied the impact of 
initial concentration of TPH on the average CO2 production from the microbial activities in 
the samples, and found that initial TPH between 30,000 and 90,000 mg/kg was relatively 
appropriate for the biodegradation of petroleum wastes; while the inhibition of biological 
activities was significant for high initial concentration of contaminants. Similar results have 
been reported by Carriere and Mesania (1995) and they thought the reason for the inhibition 
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could be due to the toxicity of high level contamination. 
2.2.1.3 Nutrients 
Although petroleum hydrocarbons in crude oil tank bottom sludge can be ideal carbon 
and energy source, microorganisms still need nutrients (such as N, P, K) for metabolism and 
anabolism to build their own cells. It was found that the availability of nitrogen and 
phosphorus could limit the biodegradation of hydrocarbons in the environment (Joseph et al., 
1990). The addition of fertilizer during the biodegradation has been proved very effective and 
essential to stimulate microbial growth as well as contaminants removal. However, inhibitory 
effects have also been observed when concentration of nutrients was excessive, mostly due to 
their toxicity to microbial species (Walworth et al., 1997; Seklemova et al., 2001; Trindade et 
al., 2002). Chokshi (2003) tested the effects of different concentrations of N-P-K fertilizer on 
the biodegradation of petroleum sludge wastes, and 240/80/80 mg/kg N/P/K addition was 
found to be optimal for CO2 production in sludge samples with TPH concentrations ranging 
from 60,000 to 200,000 mg/kg, while the microbial activities were impeded by almost 50% 
when N/P/K concentration reached 6,000/2,000/2,000 mg/kg. Chafneau et al. (2005) has 
also reported that the addition of fertilizer introduced a 15% increase in the assimilation of 
crude oil in soil, especially the linear and branched alkanes, but the inhibition of assimilation 
was found when the high levels of nutrients were added. Mariano et al. (2007) investigated 
different methods to enhance the aerobic biodegradation of diesel oil in soil, and found that 
the nutrients amendment had relatively large positive effect on bio-remediating contaminated 
soil, but showed an inhibitory effect on the biodegradation process through excessive 
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addition. 
2.2.1.4 Temperature 
Temperature affects the biodegradation of petroleum hydrocarbons by influencing the 
physical nature and chemical composition oil in the soil phase, and metabolism rate and 
composition of community of hydrocarbon-degrading microorganisms (Leathy and Colwell, 
1990). With decreasing temperatures, the viscosity of oil increases which makes the mobility 
of oil reduce (Leathy and Colwell, 1990). On the contrary, increase of temperature could 
improve the diffusion of organic compounds and increase their bioavailability (Northcott and 
Jones, 2000). However, the increased volatilization and solubility of some hydrocarbons (i.e., 
toxic short-chain alkanes) at elevated temperature may increase their toxicity and then delay 
the onset of biodegradation (Leahy and Colwell, 1990; Whyte et al., 1998; Niehaus et al., 
1999). Temperature also plays a critical role for the nature and extent of microbial 
metabolism. The microbial species always have an upper and lower limit of temperature for 
growth and an optimum temperature between these two extremes. The reasons for the upper 
limit of temperature are relatively well understood, and it is imposed by increasing rates of 
denaturation of the key cellular components when temperature rises. The reasons for the 
lower temperature limit for growth are less clear, although there seems to be acceptable 
assumption that at the low temperature limit there is loss of membrane function (Nedwell, 
1999). The optimum temperature for most metabolism activities was reported to be in the 
range of 30-40°C (Leahy and Colwell, 1990). This result has been validated by Okuda et al. 
(2007) which observed that the biodegradation rate of n-dodecane in oil-contaminated soil 
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was fairly increased when elevating the temperature from 25°C to 35°C. Nevertheless, the 
psychrophilic microorganisms at lower temperature as well as the thermophilic bacteria at 
higher temperature were reported to be able to degrade petroleum hydrocarbons at extreme 
conditions (Leahy and Colwell, 1990; Coulon et al., 2005). 
2.2.1.5 pH 
Since most heterotrophic bacteria and fungi prefer a pH near neutrality, with fungi being 
more resistant to acidic condition (Bossert and Bartha, 1984), the control of pH for the 
success of bioremediation for petroleum sludge is necessary. Rahman et al. (2002) 
investigated the effects of a series of pH values on the biodegradation rate of crude oil by a 
mixed bacterial consortium, and pH of 7.5 was found to be optimum to achieve the 
maximum biodegradation rate. Extremes in pH are expected to have negative effects on the 
biodegradation rate of hydrocarbons (Leahy and Colwell, 1990; Meredith et al., 2000). For 
example, Verstraete et al. (1976) observed that the biodegradation rates of gasoline has 
almost been doubled when pH of the acidic soil was adjusted from 4.5 to 7.4, while the rates 
dropped significantly when pH was raised to 8.5 afterwards. 
2.2.1.6 Oxygen 
In the presence of oxygen, microbial species with suitable genes and enzymes are 
capable of degrading hydrocarbons into CO2 and H2O. Leahy and Cowell (1990) illustrated 
that the initial step in the microbial catabolism of many petroleum hydrocarbons (i.e. 
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aliphatic, cyclic, and aromatic hydrocarbons) involves the oxidation of substrates by 
oxygenases (enzyme) where molecular oxygen is required. Thus aerobic condition is 
necessary for microbial oxidation of hydrocarbons. Adriana and Nei (2002) reported that 
aeration was one of essential factors for successfully biotreating petroleum wastes. Lack of 
oxygen would trigger anaerobic degradation pathway where the oxidized inorganic substrates 
(i.e. nitrates, nitrites, sulfates, etc.) serve as election acceptors instead of oxygen, resulting in 
the release of gaseous products such as N2 and H2S (Young and Cowan, 2004). Anaerobic 
degradation rate was reported to be much lower than that of aerobic pathway, but anaerobic 
metabolism is still important for hydrocarbon biodegradation and bioremediation (Van 
Hamme et al., 2003). 
2.2.1.7 Moisture content 
Water plays an essential role during the biodegradation of petroleum hydrocarbons. 
Hydrocarbon-degrading microorganisms need water to support their metabolism activities, 
and the microbial populations prefer to uptake substrates dissolved in water phase. Chokshi 
(2003) examined the effects of different moisture contents on the biodegradation of 
petroleum sludge wastes, and found that moisture content of 20% was more favorable for 
enhancing the C02 production of microbial activities. 
2.2.2 Limitations of bioremediation methods 
Various bioremediation methods have been used for treating oil wastes, including 
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landfarming, composting, bioreactor, biopiling, bioventing, biostimulation/ bioaugmentation 
and phytoremediation (Van Hamme et al., 2003; Chafneau et al., 2005). All of these methods 
simply enhance the removal of oil wastes by improving one or more of the factors affecting 
biodegradation process mentioned above, such as bioreactors technique which creates 
relatively optimal environment (i.e. temperature, aeration, moisture content and etc.) for the 
microbial growth and thus greatly increase the biodegradation rate of the contaminants 
(Adriana and Nei, 2002; Ward et al., 2003; Okuda et al., 2007). 
However, the application of bioremediation methods for crude oil contaminated sludge 
wastes could still be limited by their long-term and low-efficient treatment. Since the oily 
sludge wastes are usually hydrophobic and the soil is hydrophilic, there exists the potential 
for limited soil-sludge interaction which may further lead to the accumulation and 
stabilization of oil wastes within the soil aggregate (Rasiah and Voroney, 1993). The most 
important rate-limiting factor in the process was often reported to be the slow release of 
pollutants from the soil matrix to the aqueous phase (Weissenfels et al., 1992; Erickson et al., 
1993; Luthy et al., 1994; Beck and Jones, 1995; Wiedemann et al., 1995; Volkering et al., 
1998). Additionally, most microbes depend largely on the water soluble organic compounds 
for growth. However, the crude oil contaminated sludge contains a large amount of insoluble 
and complex long carbon-chain hydrocarbons which are usually unavailable for the 
utilization of microorganisms (Atlas, 1995). Furthermore, the high viscosity of oily sludge 
wastes could cause poor mobility of the degrading microbes or hydrocarbons and reduce the 
uptake of organic substrates by microorganisms (Asia et al., 2006; Jonathan et al., 2006). All 
of the above effects may limit the bioavailability of organic compounds to soil 
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microorganisms and further reduce the efficiency of bioremediation for treating oily sludge. 
It is therefore of critical importance to understand and exploit the mechanisms of enhancing 
hydrocarbon access by the degrading microorganisms (Ward et al., 2003). 
2.3 Surfactants 
To overcome the disadvantages of bioremediation as described, the addition of 
surfactants has been considered to be a promising solution in recent studies. The mechanisms 
of enhancing the access of oil wastes by microorganisms are closely related to the 
physicochemical properties of surfactants. 
2.3.1 Physicochemical properties and applications 
Surfactant (i.e. surface active agent) is usually an amphiphilic organic molecule that 
consists of a hydrophobic tail and a hydrophilic tail. The hydrophilic tail makes surfactant 
molecule dissolve in the water phase while the hydrophobic tail makes it tend to gather in the 
interfaces, thus surfactant molecules always accumulate at the interfaces. Therefore, the 
surface or interfacial tension could be decreased, resulting in the stabilization of foam. In 
aqueous solution, surfactant molecules may form micelles (i.e. aggregate structures) as well 
as clusters of micelles which could help hydrocarbons "dissolve" in the water phase, and this 
is referred to "solubilisation". In the presence of non-aqueous phase liquids (NAPLs), 
surfactant molecules would concentrate on liquid-liquid interface and reduce the interfacial 
tension. In water-solid system, the accumulation of surfactant molecules will also decrease 
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the interfacial tension and thus accelerate the contact of solid and aqueous phases. When a 
surfactant is in high concentration, it may form single or double layers of molecules absorbed 
on the surface of solids (Volkering et al., 1998). 
Surfactants are widely used in industry as detergents, emulsifiers, wetting agents, fabric 
softeners, paints, defoamers, and soil remediation additives. Some definitions are important 
for their utilization in soil remediation. For instance, CMC (critical micelle concentration) in 
aqueous phase is the surfactant concentration when the surface tension or interfacial tension 
first reaches the lowest value. The CMC in water-soil system is described as the 
concentration when the surfactant molecules in the aqueous phase start to cluster together to 
form aggregates of 20-200 (i.e. referred to as "micelles") which look like a 3-4 nm diameter 
droplet of oil with ionic or polar coating. The solubilization of pollutants accelerated by 
micelles usually has a positive effect on the biodegradation rate (West and Harwell, 1992; 
Volkering, et. al., 1998). Another important definition is the hydrophile-lipophile balance (i.e. 
HLB). HLB is an empirical parameter that describes the relative contribution of the 
hydrophilic moiety to the weight of the surfactant molecule. HLB value of 3-6 can be used to 
form water-in-oil emulsions and that of 10-18 can be used to form oil-in-water emulsions. It 
was reported that surfactants are most successful in the soil washing of crude oil 
contaminated soil when they have HLB value of higher than 10 (Volkering et. al., 1998). It 
was also reported by Van Hamme and Ward (1999) that the biodegradation rate was most 
effectively enhanced by surfactants with HLB of 13. 
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2.3.2 Types 
Surfactants are divided into two main categories based on their sources, namely chemical 
surfactants and biological surfactants. Chemical surfactants are manufactured by chemical 
and physical reactions, while biological surfactants are mostly synthesized by various 
microorganisms during the process of microbial activities. The chemical surfactants are 
further divided into sub-categories according to the charge of its hydrophilic part, including 
anionic, cationic, zwitterionic and non-ionic surfactants. The biological surfactants are 
further categorized into glycolipids, lipopetides/lipoproteins, phospholipids, fatty acids, 
neutral lipids, biopolymeric surfactants and particulate biological surfactants according to 
their chemical properties and different origins of microorganisms (Desai and Banat, 1997; 
Volkering et. al., 1998; Van Hamme, et al., 2006) 
2.3.3 The effects of surfactants on soil bioremediation 
2.3.3.1 Effects of surfactants on organic contaminants 
(1) Physical forms of organic contaminants in soil 
The biodegradation efficiency of organic compounds in soil is closely related to their 
different physical states in soil phase. According to Figure 2.1, contaminants can be 
presented as a separate liquid or solid phase, e.g. type I (solid particulate) and type II (liquid 
film). They can be adsorbed onto or into soil particles, e.g. type III (onto) and type IV (into). 
They can also be dissolved in pore water, e.g. type V (in macro-pore water) and type VI (in 
micro-pore water) (Volkering et al., 1998). Not all of these forms of hydrophobic compounds 
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could be accessed and utilized by microbial growth as carbon sources. Most microorganisms 
can only degrade the organic compounds dissolved in the water phase or when 
microorganisms directly attach to the pollutants. In soil bioremediation, limited 
bioavailability of contaminants (e.g. adsorption onto or into the solid particles and low 
solubility of hydrophobic compounds) is the most important factor resulting in the low 
efficiency and long-term process of biodegradation (Yeom et al., 1995; Kim et al., 2001; 
Doong and Lei, 2003; Makkar and Rockne, 2003). 
particulate 
pollutant 
absorbed IV 
• • 
liquid film in water phase 
In pores 
III adsorbed sofld or liquid 
In pores 
VI 
Figure 2.1 Different physical forms of organic contaminants in soil-water system 
(Volkering et al., 1998) 
(2) Surfactants and bioavailability of organic contaminants 
As mentioned above, the property of surfactant molecules accumulating in the interfaces 
could help increase the bioavailability of hydrophobic contaminants to microorganisms. The 
mechanisms mainly include (1) facilitated transport of hydrophobic compounds from soil 
phase into aqueous phase, (2) improved apparent "solubilization" of contaminants by 
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formation of micelles, and (3) emulsification of non-aqueous phase liquid contaminants 
(Volkering et al., 1998). 
A. Facilitated transport of hydrophobic compounds 
Hydrophobic pollutants (i.e. oily sludge) have great potential to attach to the soil particles 
surface due to the interaction with hydrophilic surface of soil (Rasiah and Voroney, 1993). 
Unfortunately, this phenomenon significantly decreases the bioavailability of pollutants to 
microbes. In the presence of surface, pollutants could interact with single surfactant molecule 
or micelles which could help pollutants desorb from the soil surface into aqueous phase. The 
surfactant molecules could decrease interfacial tension of pore water in soil particles to 
mobilize pollutants trapped in soil ganglia (Deitsch and Smith, 1995; Yeom et al., 1996; 
Volkering, 1998; Kim et al., 2001). Desorbed single pollutant molecule may contact directly 
with microbial degraders and then be mineralized in aqueous phase. The bacterial cells could 
even directly utilize biosurfactant-associated hydrophobic compounds (e.g. PAHs) as their 
carbon sources (Marrkar and Rockne, 2003). 
B. Improved apparent "solubilization" of contaminants 
When surfactant reaches its CMC or higher concentration, the surfactant molecules will 
cluster together to form micelles. The hydrophobic compounds could dissolve in the core of 
micelles and suspended in aqueous phase, and such phenomenon is called "pseudo-
solubilization". However, the results of the bioavailability of micellar hydrocarbons are 
different among many research studies. Some studies have showed that hydrophobic 
contaminants in the core of micelles can be readily used by microbes, thus the biodegradation 
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of pollutants can be improved effectively (Volkering et al., 1995, 1998). On the other hand, 
inhibitory effects on bioremediation process by formation of micelles have also been 
observed mainly due to the non-bioavailability of micellar pollutants (Laha and Luthy, 1991; 
Doong and Lei, 2003). The bioavailability of micellar contaminants depends on the types of 
surfactants, the surface characteristic of biomass as well as the surfactant concentration 
(Doong and Lei, 2003). According to Makkar and Rockne (2003), the non-bioavailability of 
micellar pollutants has an important consequence to surfactant application for soil 
remediation: (a) micelles would decrease the concentration of contaminants in water which 
would slow down bacterial uptake and growth, and (b) mobilized pollutants by surfactant 
micelles onsite would move to groundwater and result in unexpected contamination. 
C. Em unification of non-aqueous phase liquid contaminants (NAPLs) 
Addition of surfactants could decrease the NAPLs and aqueous interfaces to form micro 
or macro-emulsions. In such case, the contact area would be increased to improve the mass 
transport and mobility of NAPLs, and then there would be a great chance to enhance the 
efficiency of mineralization of contaminants (Volkering et al., 1998; Makkar and Rockne, 
2003). 
2.3.3.2 Effects of surfactant on microorganisms 
The addition of surfactants in soil remediation process has complicated influences on the 
microorganisms involved in biodegradation of petroleum hydrocarbons. Both beneficial and 
inhibitory effects on the growth of microbes have been found in many research studies. 
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(1) Surfactant toxicity 
Surfactants can be toxic to microorganisms mainly because of two reasons, including (a) 
the disruption of cellular membranes by interacting with lipid components of surfactants 
which makes cells lose microbial contents to the exterior, and (b) reaction of surfactant 
molecule with proteins which are crucial to the functioning of microorganism cells, 
especially for the transport of materials through the cell wall between cells and the exterior 
(Helenius and Simons, 1975; Swisher, 1987; Laha and Luthy, 1991; Volkering et. al., 1998). 
As discussed in Volkering et al. (1998), the cationic surfactants are mostly toxic when pH of 
aqueous phase is over 7, while anionic ones present toxicity when pH is lower than 7, and the 
non-ionic surfactants are generally less toxic than ionic surfactants. Quaternary ammonium 
surfactants which are commonly used in detergents are regularly toxic to microbial 
populations (Van Hamme et al., 2006). In terms of biosurfactants, they are mostly 
environmentally friendly without apparent toxicity to microorganisms. However, Lang and 
Wagner (1993) found that some biosurfactants were even more fatal than chemical 
surfactants to some of the microbes. Another possible reason for toxicity of surfactants could 
be caused by increased pseudo-solubility of greater toxic organic contaminants due to the 
emulsification of surfactants, such as the solubilized phenanthrene (i.e. caused by the 
addition of rhamnolipid) which was observed to greatly increase the toxicity to cell growth 
(Shin et al., 2005; Singh et. al., 2007). Singh et al. (2007) suggested that sometimes the 
surfactants or pseudo-solubilized organic contaminants may be just toxic to certain pure 
species of microorganism and may not have apparent inhibitory effect on bioremediation 
when using indigenous mixed cultures. 
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(2) Mobility of microorganisms 
Surfactants in the process of soil bioremediation were found to play an important role in 
the mobility of microorganisms (Volkering et. al, 1998). Neu (1996) revealed that 
biosurfactant could accumulate on the interfaces and eventually form "conditioning film" and 
change the wettability of the surface. Since the microorganisms naturally tend to have a 
preference for interfaces (Marshall, 1976), the "conditioning film" on the surfaces could 
influence the interaction of microorganisms with interfaces, such as "adhesion" and "de-
adhesion". Most surfactants were found to have inhibitory effects on the adhesion of bacteria 
to hydrophobic or hydrophilic surfaces and improve the movement of bacteria such as 
flagellar movement or gliding mobility (Jonathan et al., 2006). The increased mobility of 
microbes will increase the chance of microbes contacting with and direct uptake of pollutants, 
which is mostly beneficial to hydrocarbon biodegradation. However, since microorganisms 
usually exploit the hydrophobic membrane to absorb the insoluble oil substrates for uptake in 
the form of individual molecules and insoluble contaminant particles or oil droplets, the de-
adhesion effect caused by surfactants may break the adsorption and eventually decrease the 
degree of biodegradation (Neu, 1996; Volkering et Al., 1995; Bruheim and Eimhjellen, 1998; 
Singh et Al., 2007). Stelmack et al. (1999) observed that when adhesion to insoluble 
contaminants (e.g. NAPLs) is the important mechanism for microbial uptake, the presence of 
surfactants would inhibit the growth of microorganisms on contaminant and reduce the 
biodegradation efficiency. Such similar negative effect has also been reported by Chen et al. 
(2000) which found that the addition of Triton X-100 at low concentration would inhibit the 
growth of either a Mycobacterium sp. or a Pseudomonas sp. on solid anthracene as the sole 
carbon source. 
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(3) Biodegradation of surfactants 
Surfactants including both chemical and biological surfactants have been widely reported 
to be utilized by pure or mixed cultures of microbial populations as their carbon sources 
(Oberbremer et al., 1990; Chen et al., 2001; Kim et al., 2001; McGuire and Hughes, 2003; 
Mohan et al., 2006). This phenomenon has also been reported to have both beneficial and 
inhibitory effects on bioremediation. The biodegradability of surfactants let them be removed 
from the bioremediation site by natural microorganisms after they successfully enhanced the 
biodegradation of contaminants. This is one of the most obvious advantages when choosing 
surfactant for on-site remediation. It was also found that the presence of a degradable 
surfactant may improve the degradation of hydrocarbons by promoting microbial biomass 
growth (Miller and Bartha, 1989; Volkering et al., 1998; Singh et al., 2007). On the other side, 
as indicated in Volkering et al. (1998), the negative effects caused by biodegradation of 
surfactants include: (a) depletion of nutrients and oxygen; (b) toxicity of intermediates (e.g. 
organic acids) which are normally more toxic and more soluble than the parent compounds 
(Holt et al., 1992; Mariano et al., 2007), (c) reduction of the mineralization of organic 
contaminants through a repression mechanism due to the preferential uptake of surfactants by 
microorganisms (Laha and Luthy, 1991; Deschenes et al., 1996; Doong and Lei, 2003; Singh 
et al., 2007), and (d) decrease of the enhancing effects of surfactants during biodegradation 
process due to the consumption of surfactants before contaminant removal (Oberbremer et al., 
1990). Another possible inhibitory effect caused by the biodegradability of surfactants was 
that after the surfactant micelles have been degraded by microorganisms, hydrocarbons in the 
core of micelles would be rebound to organic matter in soil phase and become unavailable to 
microbial attack again (Makkar and Rockne, 2003). Singh et al. (2007) indicated that the 
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complex impacts of surfactant biodegradation would be more obvious in pure culture than 
indigenous mixed populations. 
2.3.3.3 Surfactant sorption by soil particles 
In soil bioremediation, surfactants were found accumulated to solid-liquid interfaces and 
become adsorbed to soil surface. Such behavior could significantly reduce the surfactant 
effectiveness on removing hydrocarbons from soil system to aqueous system. (Laha et al., 
2009) West and Harwell (1992) reported that surfactant adsorption onto the inorganic 
surfaces of soil could reduce the active concentration of surfactants and thus reduce the 
remediation enhancement effects. They also pointed out that the adsorption of surfactant to 
soils mainly depends on: (a) solubility of surfactants in water, e.g. the higher the water 
solubility of the surfactant, the lower the tendency for adsorption, and (b) charges of group 
head (surfactant) and surface (soil), e.g. cationic surfactants seem to have relatively more 
desorption to soil particles than other surfactants such as ionic and non-ionic surfactants. Liu 
et al. (1992) studied the sorption of nonionic surfactants onto soil particles, and found that 
there was a maximum surfactant sorption onto soil, and after reaching that maximum value, 
micelles started to form without adsorption onto the soil. Paterson et al. (1999) and Laha et al. 
(2009) investigated five different surfactants and found that their adsorption onto soil organic 
matter could be described by Freundlich adsorption isotherm, while the adsorption was 
limited by both the CMC values of surfactants and the organic matter fraction in soil system. 
Zheng and Obbard (2002) confirmed that the maximum sorption capacity of nonionic 
surfactants onto soil organic matter was a constant independent of the soil/water (w/v) ratio, 
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and the PAH solubilization in water was proportional to the surfactant concentration beyond 
the elevated CMC caused by the surfactant adsorption onto soil. Ussawarujikulchai et al. 
(2008) investigated the effects of organic contaminants (naphthalene and decane) and soil 
organic matter on the partitioning of nonionic surfactants (Triton X-100) onto soils, and 
observed that the surfactant adsorption onto soil increased with increasing organic content 
and surfactant concentration, while the effective CMC increased with increasing organic 
matter in soil as well. However, sorption of surfactants onto soil surface is not always 
unfavorable. For example, Urum and Pekdemir (2004) indicated that biosurfactants with low 
CMC values and high level of sorption to soil particles might have stronger abilities to 
remove crude oil contaminants during the soil washing process. 
2.3.4 Biological surfactants 
2.3.4.1 Application of biosurfactants to the remediation of petroleum wastes over 
chemical surfactants 
The biosurfactants have similar properties as chemical surfactants (Desai and Banat, 1997; 
Van Hamme et al., 2006). Their structures also include amphiphilic molecules with a 
hydrophobic moiety (i.e. fatty acid) and a hydrophilic moiety (i.e. carbohydrate, carboxylic 
acid, phosphate, amino acid, cyclic peptide or alcohol) (Cameotra and Makkar, 1998; 
Jonathan et al., 2006). Biosurfactants are now considered to have much more advantages than 
chemical surfactants, such as lower toxicity, more diversity, better environmental 
compatibility, higher emulsification ability, high selectivity as well as applications under 
some extreme conditions (Desai and Banat, 1997; Makkar and Rockne et al., 2003). 
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Therefore, biosurfactants have been receiving wide environmental applications in recent 
years. For example, Schippers et al. (2000) examined the influence of sophorolipids on PAH 
biodegradation in liquid-soil suspension culture, and they found that the CMC of this 
surfactant was lower and the solubilization ratio of biosurfactant/pollutants was in a better 
range compared with chemical surfactants. They also reported that sophorolipids had no 
toxicity towards the exponential growth of Sphingomonas yanoikuyae culture even up to 
lg/L concentration. Makkar and Rockne (2003) concluded that biosurfactant molecules in 
water-soil system could form a weak association with PAH which could be directly attached 
and taken up by bacteria, and such structure was much more bioavailable than micellar 
solubilization of pollutants usually formed by chemical surfactants. Rahman et al. (2003) 
indicated that the addition of Rhamnolipids significantly enhanced the microbial growth 
possibly by improving solubility, desorption and/or contact area of petroleum hydrocarbons 
from the soil phase in soil-slurry biotreatment and then speeded up the biodegradation rate of 
hydrocarbons (C8-C40) from tank bottom sludge. Urum and Pecdemir (2004) observed that 
the biosurfactant Rhamnolipids achieved up to 80% crude oil removal in soil washing 
process which was competitive to a well-known chemical surfactant SDS, and they also 
suggested that biosurfactants with lower molecular weight and less bulk were more effective 
for oil removal than those with higher molecular weight and more complex hydrocarbons 
chains. Kuyukina et al. (2005) reported that biosurfactants produced by a microbial species 
Rhodococcus rubber obtained stronger abilities of desorption and mobilization in the process 
of crude oil removal from a soil column system, and the pollutant removal efficiency was 
1.4-2.3 times more than that of a chemical surfactant Tween 60. Santa et al. (2007) found that 
a culture medium free of cells with a low concentration of Rhamnolipids was very efficient at 
26 
removing oil containing predominantly aromatic or paraffinic hydrocarbons from sandy soil. 
However, negative impacts of biosurfactant application were also observed in some previous 
studies. For example, Cameotra and Makkar (1998) reported that biosurfactants were unable 
to be applied as economically as chemical surfactants due to their high production costs. Shin 
et al. (2005) observed significant toxicity effects of Rhamnolipids on the strain 3Y and 
concluded that the effectiveness of biosurfactant on soil bioremediation greatly differs 
depending on different microorganism strains used for remediation. 
2.3.4.2 Production of biosurfactants 
(1) Microbial origins 
As mentioned previously, biosurfactants are categorized mainly by their microbial origin 
and chemical composition. Glycolipids are the most widely studied category of 
biosurfactants while Rhamnolipids are the most widely investigated glycolipids and 
Rhamnolipids also have been regularly studied in the research of petroleum wastes 
bioremediation. These biosurfactants have been reported to be produced by P. aeruginosa 
and Pseudomonas sp. growing on hydrocarbons (such as hecadecane and alkanes) or even on 
diesel fuel as a carbon source in situ (Robert et al., 1989; Desai and Banat, 1997; Cassidy et 
al., 2002). Calvo et al. (2004) also isolated Rhamnolipids from the supernatant of the Bacillus 
pumilus train 28-11 growing in the presence of 0.1% (w/v) of crude oil and naphthalene 
under aerobic conditions. Such biosurfactants have been found to help lower the interfacial 
tension against n-hexadecane to 1 mN/m and the surface tension to 25-30 mN/m (Guerra-
Santos et al., 1986; Lang and Wagner, 1987; Parra et al., 1989, Desai and Banat, 1997). 
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Another type of glycolipids called sophorolipids which also have been utilized in petroleum 
hydrocarbons bioremedation were reported to be mainly secreted by yeasts such as Candida 
bombicola (Inoue and Itoh, 1982; Cooper and Paddock, 1984; Gobbert et al., 1984) and 
Candida apicola (Tulloch et al., 1967, Hommel et al., 1994) growing on water-insoluble 
substrates such as alkanes and vegetable oils (Cooper and Paddock, 1983). This type of 
biosurfactants could reduce the interfacial and surface tension, but they are not good 
emulsifier (Cooper and Paddock, 1984). The second category including Lipopeptides and 
Lipoproteins has been reported to be produced by Bacillus brevis and B. polymyxa (Suzuki et 
al., 1965) as well as Pseudomonas fluorescens (Neu et al., 1990). One of the important cyclic 
lipopetides is surfactin produced by Bacillus subtilis ATCC 21332. It has the most powerful 
emulsifying capability and could lower the surface tension from 72 to 27.9 mN/m even at 
very low concentration such as 0.005% (Arima et al., 1968; Desai and Banat, 1997; Yeh et al., 
2005). The third category including fatty acid, phospholipids and neutral lipids could be 
produced by several bacteria and yeasts during their growth on n-alkanes (Asselineau and 
Asselineau, 1978; Cooper et al., 1978; Cirigliano and Carman, 1985; Robert et al., 1989). 
The fourth category is polymeric biosurfactant such as the emulsan which is very effective 
for emulsifying hydrocarbons in water at very low concentration of 0.001 to 0.01% (Belsky 
et al., 1979; Desai and Banat, 1997). The fifth category is particulate biosurfactant such as 
the extracellular membrane vesicles formed by cells which help partition hydrocarbons to 
create a micro-emulsion and thus improve alkane uptake by cells (Desai and Banat, 1997). 
(2) Biosynthesis 
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It is recognized that biosurfactants are produced to emulsify insoluble substrates and 
enhance direct cell uptake of the emulsified droplets of substrates (Desai and Banat, 1997, 
Van Hamme et al., 2006). According to Desai and Banat (1997), the biosynthesis of 
biosurfactants includes two primary metabolic pathways, namely hydrocarbon and 
carbohydrate which are respectively involved in the synthesis of hydrophobic and 
hydrophilic moieties. The pathways for the synthesis of these two groups of precursors are 
diverse by utilizing specific sets of enzymes. There are three main regulations involved in 
biosurfactant production process, including induction, repression, and nitrogen and 
multivalent ions. For example, induction of sophorolipids synthesis was found by adding 
long-chain fatty acids, hydrocarbons, or glycerides to the growth culture of Torulopsis 
magnoliae (Tulloch et al., 1962). Repression of biosurfactant production by Acinetobacter 
calcoaceticus (Gobbert et al., 1984) and Arthrobacter paraffineus (Duvnjak et al., 1982) has 
been observed by adding organic acids and D-glucose, respectively. Nitrogen and multivalent 
ions also have important effects on the synthesis of biosurfactants. As an example, the 
production of Rhamnolipids from P. aeruginosa was observed by exhaustion of nitrogen 
(Guerra-Santos et al., 1984; Ramana et al., 1989). 
(3) Factors affecting the biosynthesis of biosurfactants 
The production of biosurfactants is affected by many factors, such as carbon source, 
nitrogen source and some environmental factors (i.e. pH, temperature, agitation, and oxygen 
availability) (Desai and Banat, 1997, Yateem et al., 2002). Using water-immiscible substrates 
as carbon sources of cells have been observed to improve the biosynthesis of biosurfactants 
as compared to water-soluble substrates (Desai and Banat, 1997). Yateem et al. (2002) 
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compared the effect of different carbon sources on biosurfactant production by bacterial from 
oil-contaminated soil, and they found out the highest bacterial growth and biosurfactants 
production were recorded by bacterial (strain KISR CI) growing on the minimal salts 
medium amended with 10 mg/ml olive oil. In terms of nitrogen nutrients, both positive and 
negative effects were found on stimulating the synthesis of biosurfactants. For example, 
ammonium salts urea were found to be the preferred sources for biosurfactant production by 
Arthrobacter parafineus (Duvnjak et al., 1983); Benincasa et al. (2002) reported that 
rhamnolipid production by Pseudomonas aeruginosa LBI growing on soapstock as the sole 
carbon source increased after nitrogen depletion. The environmental factors are also crucial 
for the growth of cells. For example, the production of Rhamnolipids by Pseudomonas spp. 
was found to reach its maximum with pH range of 6 - 6.5, but decrease sharply when pH was 
above 7 (Guerra- Santos et al., 1984). Similar results were reported by Yateem et al. (2002) 
when they were utilizing strain KISR B1 to produce the biosurfactant (Rhamnolipids), 
however, the microbial growth and biosurfactant production by strain KISR CI were 
observed to achieve the highest level when PH was controlled to around 7.5, and acidic 
environment inhibited the microbial activities significantly. The change of temperature has 
considerable impacts on the biosurfactants yield and could alter the composition of produced 
biosurfactants (Tulloch et al., 1962; Drouin and Cooper, 1992). Yateem et al. (2002) reported 
35°C was the most optimal temperature for the production of biosurfactants Rhamnolipids by 
the strains isolated from oil contaminated soil. The agitation speed was found to have 
negative impacts on the biosynthesis of biosurfactants due to the shear effect in Nocardia 
erythropolis (Margaritis et al., 1979; Margaritis et al., 1980), but agitation could help oxygen 
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transfer which is beneficial to cell growth for improving biosurfactant yield (Spencer et al., 
1979; Sheppard and Cooper, 1990). 
2.3.5 Selection of surfactants for enhancing soil bioremediation 
There are complicated interactions between surfactants and each phase involved in soil 
bioremediation, such as aqueous phase, contaminants phase, soil phase and microorganisms 
phase. Some important considerations need to be made when choosing suitable surfactants 
for enhancing biodegradation in a water-soil system, such as: 
a) In terms of surfactants, the physicochemical properties such as CMC and HLB are 
closely related to their emulsification and solubilization abilities as well as their 
capabilities in reducing surface tension and interfacial tension which eventually affect the 
efficiency of enhancing biodegradation (Volkering et al., 1998). In addition, the surfactant 
structure, head group and concentration applied may all have impacts on microbial 
growth in the remediation process (Jin et al., 2007); 
b) In terms of contaminants (i.e. oily sludge), their types and physicochemical states could 
significantly affect their interactions with microorganisms, surfactant molecules as well 
as solid particles (Volkering et al., 1998); 
c) In terms of soils, their types and physicochemical states (i.e. pH, moisture content, 
organic matter, presence of oxygen and nutrients, permeability, etc) could also 
significantly affect their interactions with microorganisms, surfactant molecules as well 
as contaminants (Volkering et al., 1998); 
d) In terms of microorganisms, their types and interactions with surfactant molecules as well 
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as soil particles would significantly affect their ability to degrade contaminants; 
e) Other factors should also be considered in practical application such as environmental 
compatibility and cost. 
2.3.6 Application of surfactant for the bioremediation of petroleum wastes 
The application of surfactants has been found to be very effective for the bioremediation 
of petroleum hydrocarbons. However, the mechanisms of surfactants affecting the process of 
bioremediation are too complicated to be interpreted thoroughly, especially in the multiple-
phase system (i.e. soil-water-oil system). The effects of the properties and types of 
surfactants (i.e. the charge of hydrophilic part, HLB, chemical or biological surfactant) and 
different addition concentrations to microbial growth and oil degradation are still not well 
understood yet. More studies on exploring these fields have been conducted recently. For 
example, Okuda et al. (2007) directly applied a chemical surfactant "polyethylene glycol p-
1,1,3,3-tetramethylbutylphenyl ether" to soil in a bio-slurry reactor (soil-water system) in 
order to increase the biodegradation rate of n-dodecane of oil-contaminated wastes. The 
results indicated the presence of surfactant could help the contaminated compounds be 
soluble into solution phase with suspended microorganisms, and apparently increase the 
solubilization and desorption of organic contaminants from the soil phase, thus to 
significantly increase the efficiency of biodegradation. Laha et al. (2009) investigated the 
surfactant-amended remediation methods of HOCs contaminated soil in multiple-phase 
system and provided discussions of equilibrium partitioning theory to explain the distribution 
of hydrophobic organic compounds between soil, aqueous phase, soil-sorbed surfactant, and 
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micellar surfactant phases, which could give some important insights for the performance of 
surfactant-enhanced biodegradation, such as desorption of oil from soil phase and micellar-
phase contaminants biodegradation. They also reviewed some recently developed models for 
simulating surfactant sorption onto soil particles, which sometimes could be a dominant 
factor for the efficiency of surfactant enhancing the biodegradation rate of petroleum wastes. 
Jin et al. (2007) investigated the effects of different concentrations, head groups, and 
structures of chemical surfactants on the biodegradation of phenanthrene in the aqueous 
phase as well as the toxicity on growth of microorganisms, and they found out that toxicity of 
surfactants to microbial growth was related to the chain-length of surfactant with the same 
head group and similar structure. The HLB of surfactant could be a good indicator for 
predicting the capability to enhance PAH solubility (i.e. surfactants with a relatively low 
HLB value have a high capacity for enhancing the solubility of PAHs), however, when 
predicting or describing the total effects of different concentrations of surfactant on 
biodegradation of PAHs, much more research has yet to be completed on the surfactant 
toxicity or biodegradation effect. Zhao et al. (2005) exploited the advantages of both anionic 
and nonionic surfactants by using mixed anionic (SDS) - nonionic (Tween 80)/ (Triton X-
100)/ (Brij35) surfactants for the solubilization and biodegradation of phenanthrene. Their 
results showed that mixed surfactants obtained stronger capability of solubilization for 
phenanthrene and lower CMC concentration compared to single surfactant, and thus further 
improved the biodegradation. Yu and Zhou (2007) further examined how the ratio of anionic 
(SDS) and nonionic (Triton X-100) in mixed surfactants could affect the desorption 
efficiency of phenanthrene from soil particles and biodegradation rate. They found that 
desorption of phenanthrene was greatly improved by more fraction of SDS in the mixed 
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surfactant solution, but the biodegradation rate was inhibited by more fraction of SDS. 
Therefore, the selection of mixed surfactants may need to consider both desorption and 
biodegradation effect. Makkar and Rockne (2003) reviewed the previous studies and pointed 
out the biosurfactants are still more favorable than chemical surfactants because of none or 
low toxicity, biodegradability and they won't produce true micelles as chemical surfactants. 
However, Edwards et al. (2003) reported that the toxicity of biosurfactant Emulsan to two 
estuarine species was intermediate to those of several chemical surfactants which they picked 
for utilization in oil-spill remediation experiments. 
More information of how the different properties of surfactants influencing each phase of 
biodegradation process would be valuable for selecting the suitable surfactant for effectively 
enhancing bioremediation of petroleum wastes, such as the comparisons of chemical and 
biological surfactants, anionic and nonionic surfactants, surfactants with different HLB and 
etc. Moreover, the petroleum contaminants in recent studies are usually some specific 
hydrocarbons, such as phenanthrene (Seo and Bishop, 2007; Yu et al., 2007). This could 
simplify the bioremediation process and make it easier to be studied. But when studying on 
contaminants with more complex composition, such as tank bottom sludge from petroleum 
sludge, the situation would be more complicated. Therefore it would be more informative for 
practical application if wastes from petroleum industry are directly used for study. 
2.4 Respirometry 
A number of methods have been applied to monitor soil biological activities during the 
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biodegradation process of crude oil contaminated soil, such as microbial counts, soil 
respiration, soil biomass and enzyme activities (Margesin, et al., 2000). Respirometers are 
devices that measure "respiration" of living organisms, and they have been used to monitor 
the metabolic reactions of microorganisms in aqueous media, samples of soil and compost, as 
well as plant and animals. They are capable of directly and continuously measuring oxygen 
uptake rate for observing the microbial activity during the experiment. Compared to other 
means of measuring oxygen uptake rate, such as using a dissolved oxygen meter, 
respirometer was especially recommended because of the ease and precision with which 
variables could be controlled (Young and Cowan, 2004b). Respirometer has been commonly 
applied in wastewater treatment for a number of purposes, such as modelling treatment 
process, managing toxicity, as well as measuring short-term BOD, nitrification capacity, 
BOD treatment capacity and aeration requirements (Flathman and Nowakowski, 1995; 
Goudar and Strevett, 1998; Davies and Murdoch, 2002). Nowadays, the application of 
respirometry to soil remediation has also been receiving increasing interests in recent years 
(Mahendraer and Tiraraghavan, 1995; Danuta and Jaume, 1999; Fiu'za and Vila, 2005). 
Commercially available respirometers can be divided into two general categories, 
including (a) dissolved-oxygen-depletion devices which use an oxygen-sensitive probe to 
make measurements of oxygen depletion from aqueous phase, and (b) headspace gas 
respirometers which measure oxygen as changes in partial pressure or oxygen content in 
gaseous phase. The respirometers could be further classified by whether they are used for 
batch tests or for continuous monitoring. Batch respirometers are typically used in laboratory 
settings where samples are placed into reaction vessels and incubated for periods ranging 
35 
from a few minutes to months. Continuous monitoring respirometers are usually applied as 
on-line instruments for a rapid response to an input waste stream or chemical dose (Young 
and Cowan, 2004b). 
2.5 Summary 
Crude oil storage tank bottom sludge from petroleum industry contains a large amount of 
multifarious hydrocarbons including saturates, aromatics, resins as well as asphaltene, which 
are insoluble and resistant to microbial attack. Bioremediation has been recognized as a cost-
effective way to dispose of such oily sludge, and many environmental factors (such as 
temperature, nutrients, pH, oxygen, and moisture content) should be controlled to obtain 
optimal conditions for improving biodegradation rate. However, the bioavailability of 
hydrocarbons is still a major limiting factor for microbial growth when using bioremediation 
method for treating oily sludge. The addition of surfactants could be a good solution to 
enhance the situation, but both positive and negative effects have been reported in many 
previous studies. Contradictory results were obtained even for the addition of the same type 
of surfactant for biodegradation. Thus the complicated mechanisms in soil remediation in the 
presence of surfactants haven't been well understood. Further studies of applying surfactants 
(including both chemical and biological surfactants) for biodegrading mixed petroleum 
pollutants by mixed cultures could be more helpful for the practical application of surfactants 
to environmental clean-up, as compared to studies under simple settings (i.e. pure culture and 
single organic contaminant). 
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CHAPTER 3 MATERIALS AND METHODS 
Experiments were designed to investigate the effects of surfactants on microbial growth 
and TPH reduction during the bioremediation process of oily sludge and soil mixture samples. 
Three different types of surfactant (i.e. two chemical surfactants and one biological surfactant) 
under seven different concentrations were tested. Changes in surface tension in sludge/soil 
extracts without any additions of surfactants were also measured to detect the production of 
biosurfactants by endogenous microbial populations. A headspace respirometer was applied 
to monitor biological activity within the sludge/soil samples, while the TPH concentrations in 
samples were measured through GC-FID. All of the experiments were carried out in the 
UNBC soil and groundwater remediation research laboratory. Detailed descriptions of 
materials and methods are provided below. 
3.1 Materials 
3.1.1 Sludge 
Oily sludge was excavated by vacuum track from a feed oil storage tank located at an oil 
refinery near Prince George, BC, and stored for one year in a capped stainless steel bucket 
kept at 24 °C in the dark. Sludge was air-dried in a fume hood for one week to remove 
moisture and highly volatile hydrocarbons before storing in the fridge at 3.5 °C before used 
for the experiments. The sludge was black in color and highly viscous (Figure 3.1). 
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Figure 3.1 Storage tank bottom sludge from an oil refinery factory 
3.1.2 Soil 
Samples of pre-contaminated soil by petroleum hydrocarbons near an oil refinery sludge 
landfarming site were collected for the source of hydrocarbon-degrading microorganisms 
(Spain et al., 1980; Spain and Van Veld, 1983; Leahy and Colwell, 1990). They were air dried 
at room temperature, manually sieved using a 2.36-mm sieve and stirred with a glass rod 
until samples appeared homogeneous. The soil was then stored in glass jars with screw caps 
at 3.5 °C before used for the experiments (Asia et al., 2006). 
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3.1.3 Surfactants 
The chemical surfactants of Igepal C0-630 (Van Hamme and Ward, 1999) and Cedephos 
FA-600 (Rasiah and Voroney, 1993) as well as biosurfactant of Rhamnolipids (Rahman et al., 
2003) were selected based on their good records for improving biodegradation of crude oil 
wastes. The properties and manufacturers of the selected surfactants are listed in Table 3.1. 
All of the surfactants were prepared as 2% and 10% (w/v) stock solutions using deionised 
water in order to make a wide range of concentrations in the soil/sludge mixture for 
biotreatment. The pH of stock solutions was adjusted to 7.0-7.2 by using 10% HC1 and 10% 
NaOH solutions. 
Table 3.1 Properties and manufacturers of selected surfactants 
Surfactant Charges HLB CMC (mg/L) Manufacturer 
Igepal C0-630 (CS1) non-ionic 13 53.6 Sigma-Aldrich 
Cedephos FA-600 (CS2) anionic >13 1990 Stepan 
Rhamnolipids (BS) anionic 9.5 150 Jeneil 
3.2 Methods 
3.2.1 Characterization of sludge and soil 
The total TPH (C10-C50) of sludge/soil mixture (mixing ratio = 15%) was extracted 
through mechanical shaking extraction method using DCM in UNBC soil and groundwater 
remediation research laboratory. The extracts of samples were then sent to the ALS 
Laboratory group for F2 (C10-C16), F3 (C16-C34), and F4 (C34-C50) determination using 
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GC method (CCME, 2002). The sample of soil was sent to the Analytical Laboratory of B.C. 
Ministry of Forests for the characterization of the following items: total C and N (combustion 
elemental analysis), NCV-N and NH/ -N (extraction with 2N KC1 followed by colorimetric 
Auto-Analyzer), PCV'-P (Bray P-l followed by UV/visible spectrophotometer method), 
SO4 "-S (water, diluted acid or weak salt extraction followed by ion chromatography), cations 
(Al, Ca, Fe, K, Mg, and Na) (0.1N barium chloride extraction followed by ICP spectrometer 
determination), pH (water) (1:1 w/v mineral soil/ deionised water extract determined by 
pH/ion meter) as well as organic matter (loss on ignition by gravimetric method). The TPH 
concentration of soil was determined by mechanical shaking extraction using DCM solvent at 
UNBC soil and groundwater remediation research laboratory, followed by GC-FID analysis 
at the Central Equipment Laboratory at UNBC. 
3.2.2 Biotreatment 
After being air dried, the tank bottom sludge was mixed well with screened landfarming 
soil under a certain sludge/soil mixing ratio of 15% which was considered to be applicable 
for TPH biodegradation from pilot studies. This sludge/soil mixing ratio is almost the 
maximum ratio for the two phases to be well mixed into a homogenous mixture, while the 
pilot study indicated that the petroleum hydrocarbon concentration in the mixture under such 
ratio was still appropriate for microbial growth. The N/P/K fertilizer was added in the forms 
of NH4Cl/NaH2P04/KCl with a ratio of N/P/K=240/80/80 mg/kg (Chokshi, 2003). Moisture 
content of the sludge/soil mixture was adjusted to about 20% (w/w) which was observed to 
be close to the optimal conditions (Chokshi, 2003). All of the biotreatments were conducted 
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within a respirometer, while the temperature during biotreatment was kept at 24°C; within the 
natural temperature range for microbial growth. Fourteen days of biotreatment of samples 
was then adopted for a batch of experiments for observing all of the phases of microbial 
growth. After 14-day treatment, the microbial activities in samples decreased considerably 
probably due to the depletion of nutrients and available carbon source, and these were 
observed in a pilot study prior to the experiments. Consequently, seven samples were run in 
the respirometer simultaneously with a duration of 14 days (Van Hamme and Ward, 1999). 
The number of samples run for a batch of experiments was limited by the available 
equipment in the laboratory. 
3.2.3 Reponses 
3.2.3.1 Oxygen uptake rate 
An electrolytic headspace respirometer (BI-2000, Bioscience Inc.) was applied to carry 
out the biodegradation experiments (Figure 3.2). When microorganisms uptake petroleum 
hydrocarbons in sludge/soil mixture contained in the flask as their carbon and energy sources 
for metabolism activities, oxygen in the headspace of flask is consumed in the process of 
microbial activities to produce carbon dioxide. A scrubber consisting of high concentration of 
NaOH suspended within the reaction vessel absorbs carbon dioxide from the headspace gas, 
leading to pressure change in the headspace of the flask bioreactor. When the monitoring 
probe detects this change, the electrolytic cell starts to electrolyze H2SO4 solution to produce 
oxygen to compensate for the pressure change. The computer-based program associated with 
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respirometer calculates the amount of produced oxygen and records the data continuously 
every 0.5 hour during 14-day treatment. The oxygen uptake rate (OUR) is directly related to 
microbial activity and is a very precise response to monitor the microbial growth. Through 
continuous supply by the respirometer, sufficient oxygen is filled in the bioreactor headspace 
during the entire treatment process. 
Figure 3.2 The headspace respirometer 
3.2.3.2 Hydrocarbon concentration measurement 
The measurement of hydrocarbon concentration in samples was also used to evaluate the 
TPH (C10-C50) biodegradation efficiency of the remediation process. The related sample 
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pre-treatment and analysis procedures are described below. 
(1) Mechanical shaking extraction 
The classic method for soil extraction is Soxhlet method (EPA, 1996). However, this 
method requires relatively complicated procedures and is a time-consuming process, making 
it unsuitable for treating large numbers of samples. The mechanical shaking extraction 
procedure was previously reported to be comparable to the Soxhlet method in terms of 
accuracy (Schwab et al., 1999; Siddique et al., 2006). The advantage of using mechanical 
shaking extraction is the ability to complete more samples at once while using less solvent 
(McMillan, 2008). 
The mechanical extraction of TPH used for the thesis experiments was conducted in 
duplicate by randomly taking 1 gram of sample into a 40-mL glass vial with a screw cap 
using a spatula. Ten mL of DCM was added into the glass vial which was then sealed with a 
Teflon-lined cap and placed in the platform of a mechanical shaker (New Brunswick 
Scientific Inc.) at 250 rpm for 30 minutes. After shaking, the soil particles in the sample were 
allowed to settle to the vial bottom before the extract was transferred into another clean 40-
mL glass vial. The extraction was repeated another two times. Consequently, a total of 30-mL 
of extracts were obtained and subsequently combined. Combined extracts were stored in the 
sealed glass vial for silica gel column cleanup (McMillan, 2008). 
(2) Silica gel column cleanup 
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The extracts were prepared to remove moisture, particulates and unwanted polar 
hydrocarbons through a silica gel column cleanup process which used a glass column with a 
tapered end (DI=3/4 inch, length=30 cm). A small amount of glass wool was placed to the 
bottom of the column to hold the packing materials. The silica gel (70-230 mesh, Aldrich) 
activated at 110°C in the oven overnight was first placed into the column to a height of 6.0-
6.5cm, and a 1-cm layer of Na2SC>4 solids over-dried at 400°C in the oven overnight were 
then placed on the top of silica gel within the glass column for removing moisture content in 
the sample extracts. During the cleanup process, the column was pre-wetted with 15-mL 1:1 
cyclohexane/DCM. The 30mL extract was allowed to elute through the column, and 20-mL 
1:1 cyclohexane:DCM was used to wash the leftover petroleum hydrocarbons within the 
silica gel column. A clean 40-mL glass vial was placed beneath the column to collect all 
eluant from the silica column (CCME, 2002; McMillan, 2008) (Figure 3.3). 
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(3) Soflvemilt evaporation!! 
The eluant after silica gel column cleanup was then reduced to approximately 1 niL in a 
40°C water bath under vacuum using a rotary evaporator (RE40Q, Yarnato Scientific America 
Inc.) equipped with a 100-mL round bottom flask (Figure 3.4). After evaporation, the eluant 
was placed in a 2=mL glass vial by a dropper, and toluene was added to completely fill the 2-
mL vial and sealed with a Teflon-lined cap. 
IFigonr© 3.4 Mutairy evaporation]) off extracts 
(4) AeaDysns off TPH by gas elhroiiimatograpllii 
Samples after pre=treatment as described above were then sent to the Central Equipment 
Laboratory at UNBC for the analysis of TPH (C10-C5Q) using a Varian CP-3800 Gas 
Chromatograph with flame ionization detector (GC-FID). A ZB-5 capillary column 
(Phenomenex Torrance, CA) with 30 m x 0.25 mm ID (inner diameter) and 0.25=fim film 
thickness was used to separate the hydrocarbons. TPH extract (1 pL) was injected into the 
GC system using a Varian CP-K400 auto-sampler. Split-less injection mode was performed 
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on the 1079 PTV injector and after 0.7 min the split mode was activated at split ratio of 10:1. 
Both the injector and the detector (FID) temperatures were kept at 320°C during the analysis. 
The capillary column temperature was initially held at 50°C for 1 min, then ramped at 
15.0°C/min to 110°C and further increased at 10.0°C/min to 300°C and then held for 11 min. 
The total running time for a sample analysis was 35 minutes. The carrier gas (helium) was 
maintained at a constant flow rate of 1.5 mL/min for the entire analysis and no pressure pulse 
was used for the injection (McMillan, 2008). 
N-hexadecane (n-C16) at different concentrations of 500, 250, 100, 50 and 10 ppm were 
used to prepare an external standard curve for concentration and peak area of the GC profile 
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for each standard sample. The obtained standard curve had a R value of 0.9999, indicating 
acceptable accuracy for calibrating the instrument and determining the response factor for 
TPH. The concentration of TPH for each sludge/soil sample extract was calculated by 
summing all the peak areas of the GC profile between C10 and C50 and then converting to a 
concentration in mg/kg (wet weight) by using the obtained response factor and bulk density 
of the n-C16 standard solution. The start time for integration at C10 was 3.40 minutes and the 
end time for C50 occurred at approximately 33 minutes which marked the peak ranges for 
TPH (McMillan, 2008). 
(5) Moisture content determination 
Bio-treated samples (1-g) were placed in the oven at the temperature of 45°C for 24 hours 
(Chokshi, 2003). Sample weights before and after drying were determined by a digital scale 
as Weight (initial) and Weight (finai), and the moisture content of sample was then determined by 
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the following equation. The experiments were conducted in duplicate. 
Moisture content = (Weight^^i) - Weight
 (finai))/ Weight (imt,ai) x 100% (3.1) 
(6) Calculation of TPH reduction 
The TPH concentration of sludge/soil sample based on dry weight (mg/kg) is calculated 
as TPH concentration from GC analysis / (1- Moisture content). The TPH concentrations 
based on dry weight before and after biotreatment were denoted as TPH (initial) and TPH (f,nai), 
thus TPH reduction through biotreatment could be calculated by: 
TPH reduction = (TPH
 (mit,ai) - TPH (final>)/ TPH (initial) x 100% (3.2) 
3.2.3.3 Surface tension measurement 
Since the biosurfactants produced by indigenous microorganisms can reduce the surface 
tension in broth (Desai and Banat, 1997), the change of surface tension measured by a 
Tesiometer could indicate the existence of biosurfactants during biodegradation (Rahman et 
al., 2003). In the thesis experiments, the extract of bio-treated sample was prepared by 
mixing 10-mL DI water with 5-g sludge/soil mixture in a 250-mL centrifuge bottle, and then 
placed in a centrifuge (Parameters: JLA-16.250 / 5000rpm / 5min / 21°C / MAX ACCEL 
SLOW). After centrifugation, the supernatant was removed and placed into a 25-mL beaker. 
The surface tension of the supernatant at room temperature (24°C ) was measured using a 
platinum ring in a semi-digital tensiometer (Fisher Semiautomatic Model 21 Tensiomat* 
Tensiometer) (Rahman et al., 2003). 
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3.2.4 Experimental design 
3.2.4.1 Experiments on the detection of surfactant production 
To detect biosurfactants produced by microorganisms in the sludge/soil mixture during 
the biotreatment process, 7 exact-same soil/sludge mixture samples (called ST series) were 
prepared with the same mixing ratio (i.e., 15% sludge/soil), and the samples were bio-treated 
simultaneously in the 7 individual flasks in the respirometer system. The biotreatment in 
these 7 reactors was then stopped at 7 different periods of time for surface tension 
measurements (Table 3.2). The response variables were accumulated OUR and surface 
tension measurement. 
Table 3.2 Experimental design for biosurfactants production detection 
Variables 
Number 
of 
classes 
Level descriptions 
(days) 
Amount of 
sludge/soil mixture 
Treatment Duration 8 0 , 2 , 4 , 6 , 8 , 1 0 , 1 2 , 1 4 25g 
3.2.4.2 Surfactants enhancement experiment 
In order to examine the effects of different types and concentrations of surfactants on the 
TPH biodegradation efficiency, a series of experiments were designed using a factorial 
design method. Three types of surfactants (i.e. CS1, CS2, BS) were tested, and the surfactant 
was mixed with 25-g sludge/soil sample to prepare a sample mixture. Seven mixtures with 
different surfactant concentrations (i.e. 0, 20, 200, 400, 2000, 4000, 10000 mg/kg) were 
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prepared for each surfactant and placed in seven 125-mL Erlenmeyer flasks of the 
respirometer for 14 days of biotreatment. The differences between concentrations were 
relatively large to ensure an effect of surfactant concentration. Seven samples in flasks with 
addition of the same surfactant at 7 different concentrations were randomly placed in 
respirometer. The description of the experimental design is listed in Table 3.3. The response 
variables were total OUR and TPH reduction. 
Table 3.3 Experiment design for surfactant enhancement experiments 
Variables Number of levels Level descriptions 
Amount of sludge/soil 
mixture 
Surfactant type 
Concentrations 
3 
7 
CS1, CS2, BS 
0, 20, 200, 400, 2000, 
4000, 10000 (mg/kg) 
25 g 
25 g 
Total number of combinations: 21 
Total number of experiments for 3 replicates: 63 
3.2.4.3 Supplemental surfactants enhancement experiment 
The surfactant enhancement effects observed from the experiments using 25-g sludge/soil 
mixture (described above) was not quite as effective as previous results reported from similar 
biotreatments (Van Hamme and Ward, 1998; Whang et al., 2008). A potential reason is the 
manner of oxygen supplied to the sample by the headspace respirometer (i.e. Figure 3.5). 
This type of respirometer operates by measuring the change in pressure of the headspace gas 
and relating the change to microbial oxygen uptake, and is specially designed for liquid 
sample. The oxygen transfer in the liquid sample is always accelerated by a rolling stir bar. 
When the respirometer was used for soil samples, it must be placed shallowly at the bottom 
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of the flask. In such a case, the rate of oxygen transfer is dependent on the natural diffusion 
of oxygen similar to field land-farming, and the oxygen supply is usually restricted to the 
surface of the soil sample. To improve TPH reduction during the experiments, a smaller 
quantity of sludge/soil sample was applied to each flask to increase the sample surface area 
and improve oxygen supply to the respirometer. Therefore, a series of supplemental 
experiments were designed by placing 10-g sludge/soil sample in each flask for biotreatment 
instead of 25 g. All of other initial factors during the experiments were kept the same, such as 
sludge/soil mixing ratio, the concentrations of nutrients, moisture content, pH, duration of 
treatment and temperature. The surfactant concentrations used for the supplemental 
experiments were 400 and 2,000 mg/kg, which were found to be optimal for microbial 
growth in samples during the 25g-series experiments. 
Figure 3.5 The biotreatment of sample in the flask of respirometer 
The description of experimental design is listed in Table 3.4. Since seven samples could 
be run at the same time and three levels of surfactants could share the same control sample, 
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the total number of experimental combinations was seven. Samples for the same run of 
experiments were randomly placed in respirometer for biotreatment. The total number of 
experiments for 3 replicates was 21. The response variables were total OUR and TPH 
reduction. 
Table 3.4 Design for supplemental surfactant enhancement experiment 
Variables Number of levels Level descriptions 
Amount of sludge/soil 
mixture 
Surfactant type 3 CS1, CS2, BS 10g 
Concentrations 3 0, 200, 400 (mg/kg) 10g 
Total number of combinations: 7 
Total number of experiments for 3 replicates: 21 
3.2.5 Quality assurance and quality control (QA/QC) 
Necessary quality assurance and quality control procedures were followed in the course 
of experiments to ensure the accuracy of results. 
3.2.5.1 Duplicates and blanks 
The determination of TPH concentration in each sludge/soil sample was run in duplicate 
to test the sample homogeneity. The results of the duplicates were averaged to determine the 
TPH concentration. Three replicates of experimental treatments were completed to determine 
the accuracy of methods and the reproducibility of experiments. The average and standard 
deviation obtained from the means of each replicate for TPH concentration and OUR results 
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were calculated for examining systematic error among the three replicates of treatment. The 
results were used to compare against quality control standards used by CCME laboratory 
methods (CCME, 2001). A blank treatment was run once for a batch of 16 samples as a 
quality control sample, and the quality control samples were processed similarly with other 
experimental samples. Method blanks were prepared with all reagents, such as DCM, toluene 
and hexane. Quality control and method blank samples were used to determine the 
interference by external impurities (CCME, 2000; McMillan, 2008). 
3.2.5.2 Cleanup of the glassware 
All the experimental procedures were implemented using clean glassware. Between uses, 
all of the glassware were soaked in hot water for several hours and then washed using a 1% 
Alconox in DI water solution and brushed when necessary. The washed glassware was then 
rinsed by tap water, followed by DI water. After being dried, the glassware was finally rinsed 
by DCM solvents to ensure the decontamination of TPH (EPA, 1996; McMillan, 2008). 
3.2.6 Data analysis 
The results of total OUR and TPH reduction as well as surface tensions were calculated 
for average, standard deviation among three replicates and percent standard deviation using 
Microsoft Excel. The graphical presentation of the data was also completed by Microsoft 
Excel. The statistical analysis of data was performed using Analysis of Variance (ANOVA) 
tests (SYSTAT 13.Ink). Bonferroni method was selected for multiple pairwise comparisons 
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for the main effects at the different levels of the significant factors (Moore and McCane, 
2004). The confidence interval was set to 95% as default. Differences were determined to be 
significant when the probability was less the 0.05 (P<0.05). 
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CHAPTER 4 RESULTS AND ANALYSIS 
4.1 Results for characterization of sludge and soil 
The oily sludge used in the thesis experiments contained a very high concentration ( > 
50%) of petroleum hydrocarbons (C10-C50), including 20% of C10-C16, more than 50% of 
C16-C34, and over 20% of C34-C50 (Table 4.1). High concentration of long carbon-chain 
hydrocarbons in the sludge suggests that it is recalcitrant to biodegradation due to its low 
water solubility. The pH of sludge was 5.50 indicating that fresh sludge was weakly acidic 
which may not be favourable to microbial growth. The concentrations of all tested metals in 
the sludge and soil were lower than those stipulated in the CSR (CSR: BC Contaminated Site 
Regulation, Schedule 4, Schedule 5 and/or Schedule 10, Commercial Use (CL) Standard). At 
such low concentrations, the existence of metals would not present major toxicity to 
microbial growth. The sludge was removed from the feed storage tank from the oil refinery 
factory, sent to UNBC soil and groundwater remediation research laboratory in 2006 and 
stored in a capped bucket in darkness at room temperature (i.e. 24°C) for a year before 
biotreatment experiments. Considering the sealed conditions and high toxicity posed by large 
concentration of petroleum hydrocarbons to microbes, the effects of biodegradation through 
anaerobic metabolism activities and volatilization of petroleum hydrocarbons could be 
ignored. 
The soil characterization results are listed in Table 4.2. The pH of aqueous phase was 
7.47. After the oily sludge and soil were mixed, pH of the aqueous phase of the mixture was 
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measured as 7.0 - 7.3. As the mixture was close to neutral pH was not adjusted prior to 
biotreatment. The nutrients of N, P, K in the soil sample are relatively low for biotreatment of 
high concentration of hydrocarbons (i.e. 66.75 g/kgTPH). It is well-accepted that 
C/N/P=100:10:l is sufficient to support the microbial growth. The addition of N/P/K 
fertilizers have also been proved to accelerated the biodegradation rate of petroleum 
hydrocarbons (Leahy and Colwell, 1990), which implies extra N/P/K nutrients should be 
added to support the biotreatment. The sulphur concentration of 237.5 ppm indicates that 
there is no need to add extra sulphur nutrients for the biodegradation. A soil moisture content 
of 2% was insufficient for the biodegradation, thus DI water was added to the sample to 
reach a moisture content of 20% during the biotreatment process. The existence of clay 
content (6.36%) in soil would increase the adsorption of organic contaminants onto the soil 
matrix, which may decrease the bioavailability of contaminants to microorganisms 
(McMillan, 2008). The TPH in soil was 1.02 g/kg which suggests that the soil has been 
exposed to petroleum hydrocarbons and would contain adapted hydrocarbon-degrading 
microorganisms (Leahy and Colwell, 1990). 
Table 4.1 Characterization of sludge 
TPH (g/kg) 509.73 
F2 (C10-C16) (g/kg) 110.99 
F3 (C16-C34) (g/kg) 277.66 
F4 (C34-C50) (g/kg) 121.08 
PH 5.5 
Ca (mg/kg) <0 .5 
Hg (mg/kg) 0.094 
Cr (mg/kg) < 2 
Zn (mg/kg) 23.7 
Cu (mg/kg) 6.3 
Pb (mg/kg) < 30 
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Table 4.2 Characterization of soil 
Total C (%) 0.422 
Total N (%) 0.019 
pH (H20) 7.47 
N03 -N (ppm) 13 
NH4-N (ppm ) <0.01 
PO4-P (ppm) 5.2 
SO4-S (ppm) 237.5 
Al3+ (mg/kg) 0.089 
Ca2+ (mg/kg) 0.2 
Fe3+ (mg/kg) 0.184 
K+(mg/kg) 0.23 
Mg2+(mg/kg) 0.122 
Mn2+ (mg/kg) 0.275 
Na+ (mg/kg) 0.23 
Organic matter (%) 0.9 
Moisture content (%) 2 
TPH(g/kg) 1.02 
Sand(%) 84.74 
Silt (%) 8.9 
Clay (%) 6.36 
4.2 ST series results 
4.2.1 Accumulated oxygen uptake rate 
Figure 4.1 shows the results of accumulated oxygen uptake rates from the ST-series 
samples with different durations of biotreatment. The oxygen uptake rate of microorganisms 
from their metabolism during the biotreatment was directly monitored by the respirometry 
system. The curves of accumulated OUR were relatively flat for the first 192 hours. After that, 
the curves started to increase at a faster rate. At the end of 14 days, the total OUR reached 
13.58 g/kg. 
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Figure 4.1 Accumulated OUR (g/kg) in ST-series samples with different durations of 
biotreatment 
4.2.2 Surface tension 
A series of experiments were also conducted to investigate the production of 
biosurfactants by native microorganisms during the biotreatment process by examining the 
surface tension of the soil extract (soil: water = 1:2) (Rahman et al., 2003). Table 4.3 lists the 
surface tension results (Dyne/cm) of the extracts of the ST-series sludge/soil mixture in 
duplicates during the bioremediation process as well as the average, standard deviation and 
percent deviation. It could be observed that the variability was within 2.12%SD which 
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illustrated good experimental repeatability (CCME, 2001). 
Table 4.3 Surface tension results (Dyne/cm) of the extracts of sludge/soil mixture in ST-
series samples 
Treatment Duration 
(days) Run1 Run2 Average 
Standard 
Deviation %SD 
0 72.2 72.8 72.5 0.42 0.59% 
2 72 72.8 72.4 0.57 0.78% 
4 71.4 72.6 72.0 0.85 1.18% 
6 70.2 71.8 71.0 1.13 1.59% 
8 71.8 72.2 72.0 0.28 0.39% 
10 70.4 71.8 71.1 0.99 1.39% 
12 69.2 70 69.6 0.57 0.81% 
14 65.8 67.8 66.8 1.41 2.12% 
The surface tension measurement results of the DI water extracts of samples from the ST-
series experiments were also analyzed using one-way ANOVA. Surface tension was chosen 
as the response variable and the duration of time was chosen as fixed factor. Over time there 
was a significant decrease in surface tension in sludge / soil samples (p < 0.01) (Table 4.4). 
Table 4.4 Results of the ANOVA for surface tension from ST-series experiments 
Source Type ill SS df Mean Squares p-Value 
Time 51.550 7 7.364 0.002 
Error 5.880 8 0.735 
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The pairwise comparisons of surface tension results of samples with different durations of 
biotreatment are shown in Table 4.5. Figure 4.2 presents the results of surface tension in ST-
series samples. During the first 8 days, there was no obvious change in surface tension in the 
extract, which is almost equal to that of the DI water. Afterwards, it dropped from 72.0 to 
about 66.8 Dyne/cm until from the 8th day to the end of biotreatment. It was not until day 14 
that the surface tensions of the extracts significantly differed from the initial values (Table 
4.5). The result from Q-Q probability plots confirms the good normality of the distribution of 
the surface tension results from ST series samples. 
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Table 4.5 Pairwise comparisons of surface tension results from ST-series samples 
Time(l) Time(J) P-Value Time(l) Time(J) P-Value Time(l) Time(J) P-Value 
2 1.000 6 0 1.000 12 0 .269 
4 1.000 2 1.000 2 .320 
6 1.000 4 1.000 4 .650 
0 8 1.000 8 1.000 6 1.000 
10 1.000 10 1.000 8 .650 
12 .269 12 1.000 10 1.000 
14 .005 14 .033 14 .320 
0 1.000 8 0 1.000 14 0 .005 
4 1.000 2 1.000 2 .005 
6 1.000 4 1.000 4 .008 
2 8 1.000 6 1.000 6 .033 
10 1.000 10 1.000 8 .008 
12 .320 12 .650 10 .029 
14 .005 14 .008 12 .320 
0 1.000 10 0 1.000 
2 1.000 2 1.000 
6 1.000 4 1.000 
4 8 1.000 6 1.000 
10 1.000 8 1.000 
12 .650 12 1.000 
14 .008 14 .029 
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Figure 4.2 The representation of surface tension results from ST-series samples 
4.3 OUR results 
4.3.1 25g samples results 
(1) CS1 series 
The oxygen uptake rate (OUR) was calculated every hour during the treatment, and it 
was closely related to the growth of microorganisms in sludge/soil mixture in the 
biodegradation process. Figure 4.3 shows the average OUR curves of three replicates by 
adding surfactant Igepal C0-630 (i.e. CS1) to the sludge/soil mixture under 7 different 
concentrations. The curves were relatively flat during the first 3-4 days (except for sample 2 
which has much higher OUR than the control sample, probably due to the instability of 
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respirometer at the beginning), followed by relatively steep OUR curves after day 4, while 
the peak values occurred after 8-9 days. After that, the OUR values started to drop. Sample 7 
(i.e. without addition of surfactant) obtained the peak of OUR (i.e. 75.25 mg/kg/hr) at day 8, 
and other samples with different concentrations of CS1 additions reached their peak OUR 
values one day after that in sample 7. The highest oxygen uptake rates were observed in 
sample 3 (i.e. with surfactant concentration of 400 mg/kg) and sample 4 (i.e. with surfactant 
concentration of 2000 mg/kg), occurring at day 9 with values of 95.90 mg/kg/hr and 96.02 
mg/kg/hr, respectively, which improved about 27% as compared to that for sample 7. For 
other samples 1, 2, 5 and 6, the peak oxygen uptake rates showed slight increase as compared 
to those for sample 7, while their peak OUR values were observed at around 80.00-85.00 
mg/kg/hr. In OUR curves, error bars for control sample and other samples which are 
significantly different from the control sample were shown in the graphs. And no OUR 
results among CS1 -series samples were significantly different during 14-day biotreatment. 
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- + - Sample 7 (Omg/kg CS1) 
Figure 4.3 OUR (mg/kg/hr) in the sludge/soil mixture under the impacts of different 
concentrations of CS1 
The total oxygen uptake rates of sludge/soil samples under different surfactant 
concentrations are presented in Figure 4.4. All of the sludge/soil samples with additions of 
CS1 showed enhancement on total OUR. The highest total oxygen uptake rate (i.e. 16.36 
g/kg) occurred when the surfactant concentration was 2,000 mg/kg in the sludge/soil mixture 
64 
(i.e. sample 4), which improved by about 20% as compared to that of sample 7 (i.e. 13.67 
g/kg) without surfactant addition. The variability of total oxygen uptake rates after 14 days of 
biotreatment among the three replications was acceptable with the maximum percent 
standard deviation within 8.08% (Appendix Table 1), which indicated good reliability of the 
respirometer as well as well-controlled laboratory conditions. According to the error bar of 
each sample in Figure 4.3, it could be observed that the total OUR of samples with addition 
of 400 mg/kg, 2,000 mg/kg and 10,000 mg/kg concentrations of CS1 all obtained 
significantly higher total OUR than that of the control sample. 
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Figure 4.4 Total OUR (g/kg) in the sludge/soil mixture under the impacts of different 
concentrations of CS1 
(2) CS2 series 
6 5 
The impacts of an anionic surfactant CS2 were also investigated. Figure 4.5 presents the 
average OUR curves of three replicates by adding surfactant Cedephos FA-600 (i.e. CS2) to 
the sludge/soil mixture under 7 different concentrations. During the first 8 days of 
biotreatment, it could be found that all of the sludge/soil samples with surfactant additions 
showed negative effects on the OUR as compared to sample 7 (i.e. with no surfactant 
addition). After 8 days of biotreatment, lower concentrations (i.e. 20 - 400 mg/kg) of 
surfactant CS2 in the sludge/soil mixture started to accelerate the microbial oxygen uptake 
rate. The best performance for oxygen uptake rate (i.e. peak OUR of 102.50 mg/kg/hr) was 
observed for sample 3 with surfactant concentration of 400 mg/kg, and this is significantly 
higher than OUR of the control samples. When the surfactant concentration was higher than 
2,000 mg/kg, the potential toxicity to microorganisms significantly inhibited the oxygen 
uptake almost during the entire 14 days of treatment. The curves shown in Figure 4.5 
indicated that the higher the concentration of CS2, the greater the inhibition to bacterial 
growth. For example, the oxygen uptake rates of samples 5 and 6 (i.e. surfactant 
concentrations of 4,000 and 10,000 mg/kg) were consistently lower than 20 mg/kg/hr during 
the entire biotreatment process. 
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Figure 4.5 OUR (mg/kg/hr) in the sludge/soil mixture under the impacts of different 
concentrations of CS2 
The total oxygen uptake rates of sludge/soil samples with different CS2 concentrations 
are also presented in Figure 4.6. And the variability among three replications was relatively 
high with the maximum percent standard deviation of 30.17% (i.e. Appendix Table 2), while 
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the CCME quality standard is less than 30% SD (CCME, 2001). The experimental errors 
could be caused by the sampling variability or the change of laboratory conditions during the 
biotreatment. It is observed that the surfactant addition with concentrations from 20 to 400 
mg/kg obtained significantly higher total OUR values as compared to sample 7 with no 
addition of surfactants. The samples with addition of 4,000 and 10,000mg/kg CS2 both 
showed significantly lower total OUR than that of control sample. The greatest total oxygen 
uptake rate (16.25 g/kg) occurred for sample 3 (with CS2 concentration of 400 mg/kg) which 
was improved by about 19% as compared to sample 7, and the lowest total OUR occurred for 
sample 6 (with CS2 concentration of 10,000 mg/kg) which was decreased by 68% as 
compared to sample 7. 
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68 
(3) BS series 
The impacts of a biosurfactant were examined through a series of experiments (i.e. BS-
series). Figure 4.7 presents the average OUR curves of three replicates by adding 
Rhamnolipids to the sludge/soil mixture under 7 different concentrations. It is evident that 
the samples with addition of BS all showed bigger OUR in first 5 days compared to samples 
with addition of chemical surfactants, especially the samples with relatively higher 
concentrations of BS, such as in samples 5 and 6 with 4,000 and 10,000 mg/kg which both 
obtained significantly bigger improvement on OUR. However, after day 5, samples with 
higher concentrations of BS started to gain significantly lower OUR results compared to the 
control sample. Sample 7 with no addition of surfactants reached the OURp e ak at day 8 which 
was one day in advance as compared to samples with lower additions of surfactants (i.e., 
samples 1-5). The maximum OURpeak was observed in sample 4 with 2,000 mg/kg addition 
of BS which showed a slight increase (i.e. 4%) of OURpeak as compared to sample 7. 
69 
O) 
"5> 
E 
a: 
Z> 
o 
100.00 
80.00 
60.00 
40.00 
20.00 
0.00 * 
Time (Day) 
Sample 1 (20mg/kg BS) 
* Sample 3 (400mg/kg BS) 
- * - Sample 5 (4000mg/kg BS) 
-A- Sample 7 (Omg/kg BS) 
Sample 2 (200mg/kg BS) 
Sample 4 (2000mg/kg BS) 
Sample 6 (10000mg/kg BS) 
Figure 4.7 OUR (mg/kg/hr) in the sludge/soil mixture under the impacts of different 
concentrations of BS 
Figure 4.8 presents the total OUR in samples from the BS-series experiments. It is 
evident that samples with addition of BS at 20, 400, 2,000 mg/kg all showed significantly 
higher total OUR values than the control sample 7. The best performance was observed in 
sample 4 (i.e., 2,000 mg/kg BS) whose total OUR was increased by 9% as compared to the 
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control. The total OUR of sample 6 decreased by 20% due to the inhibitory effects caused by 
high concentration addition of BS, which is significantly lower than the control sample. The 
average value, standard deviation and percent deviation are also listed in Appendix table 3. It 
is found that the variability among three replicates was within 7.62% SD (Appendix Table 3) 
which indicated good experimental repeatability and well controlled laboratory conditions 
(CCME, 2001). 
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4.3.2 lOg samples results 
Figure 4.9 represents the oxygen uptake rate of microorganisms in the lOg sludge/soil 
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mixture under the impacts of surfactants during the biotreatment process. There was no 
obvious difference found among all surfactants during the first 4 days of microbial growth. 
After day 4, the addition of chemical surfactant CS1 and CS2 in higher concentration of 
2,000 mg/kg both presented significantly lower OUR than in the control sample. However, 
after day 10, the OUR curves of samples with 2,000 mg/kg chemical surfactants started to 
rise higher than those of other samples. Except for the sample with 2,000 mg/kg CS2, the 
OUR curves of other samples reached the peak at day 9. The highest peak OUR (126.23 
mg/kg/hr) occurred in sample with 400 mg/kg of CS2. The OUR of sample with 2,000 mg/kg 
of CS2 achieved the peak (106.68mg/kg/hr) at day 13. 
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Figure 4.9 OUR (mg/kg/hr) in the lOg sludge/soil mixture under the impacts of different 
types and concentrations of surfactants 
Figure 4.10 presents the total oxygen uptake rates (g/kg/hr) in the sludge/soil mixture 
under the impacts of surfactants observed from lOg-series experiments. The variability 
among three replications was within 16.34% SD which indicates acceptable repeatability of 
experiments (Appendix Table 4). The total oxygen uptake rates (g/kg/hr) in the sludge/soil 
mixture under the impacts of surfactants observed from lOg-series experiments. All the 
samples with addition of surfactant illustrated improvement of total OUR as compared to the 
73 
control sample. The highest total OUR occurred in the sample with 400mg/kg CS2, improved 
14.29% compared to the control sample. However, no significant difference has been shown 
among the lOg- samples probably due to only two optimal concentrations were chosen here. 
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Figure 4.10 Total OUR (g/kg) in the lOg sludge/soil mixture under the impacts of 
different types and concentrations of surfactants 
4.3.3 Statistical analysis for total OUR 
The results of total OUR from 25g-series were statistically analyzed by 2-way ANOVA 
for different types and concentrations of added surfactants. The results of total OUR from 
both lOg-and 25g-series were statistically analyzed using 3-way ANOVA for types, 
concentrations of added surfactants and quantities of samples. Bonferroni method was 
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selected for the confidence interval adjustment for multiple pairwise comparisons for the 
main effects at the different levels of the significant factors (Moore and McCabe, 2004). 
(1) 25g samples results 
According to the p-Values in Table 4.6, surfactant type, surfactant concentration as well 
as the interaction between surfactant type and concentration all have significant effects on the 
total OUR results from the 25g-series experiments. 
Table 4.6 Results of ANOVA for total OUR from 25g series experiments 
Source Type III SS df Mean Squares p-Value 
TPYE 123.989 2 61.995 0.000 
CONC 214.879 6 35.813 0.000 
CONC*TPYE 252.593 12 21.049 0.000 
Error 30.038 42 0.715 
Pairwise comparisons of surfactant types are presented in Table 4.7. CS1 is Igepal CO-
630, CS2 is Cedephos FA-600, and BS is Rhamnolipids. The mean of total OUR of samples 
with addition of one type of surfactants was significantly different from the total OUR of 
samples with the addition of any other two surfactants tested in this study. 
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Table 4.7 Pairwise comparisons of total OUR results from 25g samples under the 
impacts of surfactant types 
TYPE TYPE Difference p-Value 
CS1 CS2 3.348 0.000 
CS1 BS 1.002 0.001 
CS2 BS -2.346 0.000 
From the results of pairwise comparisons of total OUR results under the impacts of 
surfactant concentrations listed in Table 4.8, the mean of total OUR results for samples with 
surfactant concentration of 400 mg/kg was significantly different from those with 0, 4,000 
and 10,000 mg/kg, but not for those with 20, 200 and 2,000 mg/kg concentrations. 
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Table 4.8 Pairwise comparisons of total OUR results from 25g samples under the 
impacts of surfactant concentrations 
CONC(i) CONCG) Difference p-Value 
0 10000 3.428 0.000 
0 20 -0.941 0.482 
0 200 -0.939 0.489 
0 2000 -0.933 0.505 
0 400 -1.792 0.001 
0 4000 2.559 0.000 
10000 20 -4.369 0.000 
10000 200 -4.367 0.000 
10000 2000 -4.361 0.000 
10000 400 -5.220 0.000 
10000 4000 -0.869 0.734 
20 200 0.002 1.000 
20 2000 0.008 1.000 
20 400 -0.851 0.812 
20 4000 3.500 0.000 
200 2000 0.006 1.000 
200 400 -0.853 0.801 
200 4000 3.498 0.000 
2000 400 -0.859 0.777 
2000 4000 3.492 0.000 
400 4000 4.351 0.000 
The pairwise comparisons of 3 different surfactant types and 7 different concentrations 
on total OUR in 25g series samples were shown in Table 4.9. 
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Table 4.9 Pairwise comparisons of total OUR results from 25g samples under the 
impacts of surfactant types and concentrations 
1 0*2 0*3 20*1 20*2 20*3 200*1 200*2 200*3 400*1 400*2 Type 
0*1 1 1 1 1 1 1 1 1 1 0.12 
0*2 1 1 1 1 1 1 1 1 0.119 
0*3 1 1 1 1 1 1 1 0.143 
20*1 1 1 1 1 1 1 1 
20*2 1 1 1 1 1 1 
20*3 1 1 1 1 1 
200*1 1 1 1 1 
200*2 1 1 1 
200*3 1 1 
400*1 1 
C
T°
nC
* 400*3 Type 2,000*1 
2,000 
*2 
2,000 
*3 
4,000 
*1 
4,000 
*2 
4,000 
*3 
10,000 
*1 
10,000 
*2 
10,000 
*3 
0*1 1 0.074 1 1 1 0 1 1 0 0.688 
0*2 1 0.073 1 1 1 0 1 1 0 0.698 
0*3 1 0.088 1 1 1 0 1 1 0 0.587 
20*1 1 1 0.571 1 1 0 1 1 0 0.005 
20*2 1 1 1 1 1 0 1 1 0 0.021 
20*3 1 1 1 1 1 0 1 1 0 0.012 
200*1 1 1 0.662 1 1 0 1 1 0 0.007 
200*2 1 1 0.341 1 1 0 1 1 0 0.003 
200*3 1 0.736 1 1 1 0 1 1 0 0.068 
400*1 1 1 0.013 1 1 0 1 1 0 0 
400*2 1 1 0.001 1 1 0 0.564 1 0 0 
400*3 1 1 1 1 0 1 1 0 0.018 
2000*1 0 1 1 0 0.355 1 0 0 
2000*2 0.327 1 0 1 0.413 0 1 
2000*3 1 0 1 1 0 0.003 
4000*1 0 1 1 0 0.021 
4000*2 0 0 1 0 
4000*3 1 0 0.149 
10000*1 0 0.004 
10000*2 0 
The representation of total OUR under the impacts of surfactant types and concentrations 
in 25g-series samples were shown in Figure 4.11 (i.e. 1-7 = 0, 20, 200, 400, 2,000, 4,000, 
10,000 mg/kg) using scatter points. It could be observed that in 25g samples, the samples 
with addition of CS1 all obtained higher OUR than the control sample; samples with addition 
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of CS2 at lower concentrations (i.e. 20-400 mg/kg) presents improvement on OUR, but 
higher concentrations of CS2 addition (i.e. 2,000-10,000 mg/kg) significantly inhibited the 
microbial growth in samples; samples with addition of BS all showed higher OUR than the 
control sample, except for the one with 10,000 mg/kg addition of BS which were 
significantly lower than that of the control sample. Compared to CS1 and CS2, BS obtained 
relatively lower improvement on OUR. 
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Figure 4.11 The representation of total OUR (g/kg) under the impacts of surfactant 
types and concentrations in 25g samples 
(2) lOg samples results VS 25g samples results 
The 3-way ANOVA results of the total OUR for both lOg- and 25g-series samples were 
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listed in Table 4.10. According to the p-Values in this table, the factors of sample quantity as 
well as the interaction of concentration and type both have significant effects on the total 
OUR results of lOg and 25g-series samples. 
Table 4.10 Results of 3-way ANOVA for total OUR from both 25g and lOg experiments 
Source Type III SS df Mean Squares p-Value 
TYPE 5.342 2 2.671 0.303 
CONCENTRATION 6.068 1 6.068 0.104 
QUANTITY 26.660 1 26.660 0.002 
CONCENTRATION*TYPE 16.276 2 8.138 0.036 
QUANTITY*TYPE 5.252 2 2.626 0.309 
QUANTITY*CONCENTRATION 0.013 1 0.013 0.939 
QUANTITY*CONCENTRATION*TYPE 4.891 2 2.446 0.334 
Error 51.056 24 2.127 
The pairwise comparisons of total OUR results under the impacts of interaction of 
surfactant type and concentration for both lOg and 25g samples are listed in Table 4.11. 
However, there was no significant difference among groups with any combinations of these 
two factors, probably due to the fact that Bonferroni method is relatively conservative, or 
because of the best concentrations from 25g series experiments were chosen here to compare 
the results of total OUR for the different quantities of soils in samples. 
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Table 4.11 Pairwise comparisons of total OUR results under the impacts of 
interaction of surfactant type and concentration for both lOg and 25g series samples 
CONCENTRATION(-i) 
*TYPE(i) 
CONCENTRATION(-j) 
*TYPE(j) Difference p-Value 
2000*1 2000*2 1.948 0.443 
2000*1 2000*3 0.657 1.000 
2000*1 400*1 -0.137 1.000 
2000*1 400*2 -0.752 1.000 
2000*1 400*3 1.030 1.000 
2000*2 2000*3 -1.292 1.000 
2000*2 400*1 -2.085 0.311 
2000*2 400*2 -2.700 0.057 
2000*2 400*3 -0.918 1.000 
2000*3 400*1 -0.793 1.000 
2000*3 400*2 -1.408 1.000 
2000*3 400*3 0.373 1.000 
400*1 400*2 -0.615 1.000 
400*1 400*3 1.167 1.000 
400*2 400*3 1.782 0.674 
Figure 4.12 shows the total OUR results under the impacts of 2 different levels of 
surfactant concentrations (i.e. 1 - 400 mg/kg, 2 - 2000mg/kg), 3 different levels of surfactant 
types and 2 different levels of quantities of samples for biotreatment. The means of total 
OUR in lOg samples are all higher than those in 25g samples. The mean of total OUR in lOg 
samples with 2000mg/kg CS2 was significantly higher than that of 25g samples with 2000 
mg/kg CS2. 
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Figure 4.12 The representation of total OUR (g/kg) under the impacts of surfactant 
types, concentrations and the quantities of samples in 25g series samples 
The data was normally distributed based on Q-Q plots of residual for total OUR results 
from both lOg-series and 25g-series. 
4.4 TPH reduction 
The analysis of TPH concentration in the bio-treated sludge/soil mixture indicates a 
straightforward effect of the surfactant on sludge TPH biodegradation. The initial TPH 
concentration in the soil/sludge mixture based on dry weight in samples was analyzed before 
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the biotreatment. The results of twelve replicates (including average, standard deviation 
and %SD) are listed in Table 4.12. The %SD was 20.47% indicating that repeatability is 
acceptable (CCME, 2001). However, there are some extreme results occurred in initial TPH 
concentration determinations (i.e. sample 10 and sample 12). Large variations were possibly 
caused by lack of homogeneity of the sludge/soil mixture. The average initial TPH 
concentration in the sludge/soil mixture was 66.75 g/kg which was close to the theoretical 
initial TPH concentration (i.e. 67.37 g/kg) calculated from the characterization data of sludge 
and soil in Tables 4.1 and 4.2, which validates the accuracy of the experiments. This initial 
concentration was used to calculate TPH reduction in each sample after biotreatment. 
Table 4.12 Initial TPH concentrations in samples before biotreatment 
Replicate number 1 2 3 4 5 6 
TPH concentration 
(g/kg) 71.29 62.82 59.70 63.59 67.81 66.55 
Replicate number 7 8 9 10 11 12 
TPH concentration 
(g/kg) 67.13 63.31 77.05 101.37 56.94 43.44 
Average: 
66.75 g/kg 
Standard deviation: 
13.66 
%SD: 
20.47% 
4.4.1 25g samples results 
(1) CS1 series 
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Figure 4.13 presents the TPH concentration reductions in the sludge/soil mixtures after 
14-day biotreatment with the addition of CS1. It can be observed that the variations among 
the three replications of TPH reduction results were relatively high probably due to 
inconsistent mixing of the soil and sludge mixture. All of the samples with addition of CS1 
except sample 1 (i.e. with 20 mg/kg of surfactant) enhanced TPH reduction at different levels, 
illustrating the positive effects of CS1 on soil/sludge TPH biodegradation. The greatest TPH 
reduction (25.40%) occurred for sample 3 (with 400 mg/kg of CS1) which was also 
associated with great total OUR (i.e. 15.66 g/kg), and sample 4 with the highest total OUR 
value also achieved a relatively higher TPH reduction (i.e. 24.67%). As compared to TPH 
reduction for sample 7 without any surfactant addition (i.e. 13.51%), the TPH reductions in 
these two samples were improved by about 10% after 14 days of biotreatment. 
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Figure 4.13 TPH reduction in the sludge/soil mixture under the impacts of different 
concentrations of CS1 
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(2) CS2 series 
Figure 4.14 presents the TPH concentration reductions in the sludge/soil mixtures after 
14-day biotreatment process with the addition of CS2. The samples with addition of lower 
concentrations showed higher TPH reduction compared to the control sample, except for the 
samples with 20 mg/kg CS2. The greatest TPH reduction (i.e. 25.02%) was observed in 
sample 3 with CS2 concentration of 400 mg/kg which also had the highest total OUR (i.e. 
16.25 g/kg), representing about 10% increase compared to control sample (15.57%). The 
samples with addition of higher concentrations of CS2 (i.e. 2,000, 4,000 and 10,000 mg/kg) 
showed lower TPH reduction compared to that of control sample. 
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Figure 4.14 TPH reduction in the sludge/soil mixture under the impacts of different 
concentrations of CS2 
(3) BS series 
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Figure 4.15 presents the TPH reductions in the sludge/soil mixtures after 14-day 
biotreatment process with the addition of BS. It was found that the results are consistent to 
the effects of BS on microbial growth. When the oxygen uptake rate in the sample was 
enhanced by BS addition, the TPH reduction also improved, such as in samples 1-5. When 
microbial activities were inhibited by high concentration of BS in sample 6 (i.e., 10,000 
mg/kg), the biodegradability of petroleum hydrocarbons has been decreased by almost 10% 
as compared to the control sample with 15.85% TPH reduction. However, the greatest TPH 
reduction has been observed in sample 2 with BS addition of 200 mg/kg, instead of in sample 
4 (i.e., 2,000 mg/kg) which was associated with biggest total OUR. 
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Figure 4.15 TPH reduction in the sludge/soil mixture under the impacts of different 
concentrations of BS 
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4.4.2 lOg samples results 
Figure 4.16 presents the TPH reduction in the sludge/soil mixture under the impacts of 
surfactants observed from lOg series experiments. The lOg-series sample with 2,000 mg/kg 
of BS addition achieved the most TPH reduction (i.e. 38.75%), increasing by about 18.40% 
compared to the control sample (i.e. 20.35%). The lOg-series samples also showed larger 
TPH reductions compared to the 25g-series samples, except for the samples with addition of 
400 mg/kg ofCSl . 
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Figure 4.16 TPH reduction in the lOg sludge/soil mixture under the impacts of different 
types and concentrations of surfactants 
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4.4.3 Statistical analysis for TPH reduction 
The results of TPH reductions results from 25g-series were statistically analyzed by 2-
way ANOVA for type and concentrations of added surfactants. The results of TPH reductions 
from both lOg- and 25g-series were statistically analyzed by 3-way ANOVA for types, 
concentrations of added surfactants, and quantities of sample. Bonferroni method was 
selected for the confidence interval adjustment for multiple pairwise comparisons for the 
main effects at the different levels of the significant factors (Moore and McCabe, 2004). 
(1) 25g samples results 
Similar statistical analysis was carried out for TPH reduction results from both lOg- and 
25g-series experiments. From the ANOVA results listed in Table 4.13, except for the 
interaction of surfactant types and concentrations, surfactant types and surfactant 
concentrations both showed significant effects on TPH reduction in the samples. 
Table 4.13 Results of ANOVA for TPH reduction in 25g samples 
Source Type III SS df Mean Squares p-Value 
TYPE 0.119 2 0.060 0.000 
CONC 0.211 6 0.035 0.000 
CONC*TYPE 0.140 12 0.012 0.059 
Error 0.254 42 0.006 
Table 4.14 lists pairwise comparisons for TPH reduction results from 25g samples under 
the impacts of surfactant types and concentrations. Figure 4.17 presents the statistical 
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pairwise comparisons of TPH reduction results under the impacts of surfactant types and 
concentrations from the 25g-series experiments using scatter points. The samples with 
addition of 2,000 and 4,000 mg/kg CS1 as well as 200, 400, 2,000 mg/kg and 4,000 mg/kg 
BS obtained significantly higher TPH reduction compared to those of control samples. The 
samples with 4,000 mg/kg CS2 obtained significantly lower TPH reduction than those of 
control samples. The highest TPH reduction obtained in BS addition samples (i.e. sample 2) 
is relatively higher than those in CS1 and CS2 samples. 
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Table 4.14 Pairwise comparisons for TPH reduction results from 25g samples under the 
impacts of surfactant types and concentrations 
Cone* 
Type 0*2 0*3 
10000 
*1 
10000 
*2 
10000 
*3 20*1 20*2 20*3 200*1 200*2 
0*1 1 1 1 1 1 1 1 1 1 1 
0*2 1 1 1 1 1 1 1 1 1 
0*3 1 1 1 1 1 1 1 1 
20*1 1 1 1 1 1 1 1 
20*2 1 1 1 1 1 1 
20*3 1 1 0.73 0.97 1 
200*1 1 1 1 1 
200*2 1 1 1 
200*3 1 1 
400*1 1 
Cone* 
Type 200*3 
2000 
*1 
2000 
*2 
2000 
*3 400*1 400*2 400*3 
4000 
*1 
4000 
*2 
4000 
*3 
0*1 0.351 1 1 1 1 1 0.632 1 1 1 
0*2 0.97 1 1 1 1 1 1 1 1 1 
0*3 1 1 1 1 1 1 1 1 1 1 
20*1 1 1 1 1 1 1 1 1 1 1 
20*2 0.011 1 1 0.04 0.842 0.842 0.021 1 1 1 
20*3 0.006 0.73 1 0.024 0.546 0.546 0.013 1 1 1 
200*1 0.223 1 1 0.73 1 1 0.407 1 1 1 
200*2 0.191 1 1 0.632 1 1 0.351 1 1 1 
200*3 1 1 1 1 1 1 1 1 0.73 1 
400*1 1 1 1 1 1 1 1 1 0.97 1 
400*2 1 1 1 1 1 1 1 1 1 1 
400*3 1 0.302 1 1 1 1 1 0.006 1 
2000*1 1 1 1 1 1 1 0.73 1 
2000*2 0.97 1 1 0.546 1 1 1 
2000*3 1 1 1 1 0.024 1 
4000*1 1 1 1 0.546 1 
4000*2 1 1 0.546 1 
4000*3 1 0.013 1 
10000*1 1 1 
10000*2 1 
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Figure 4.17 The representation of TPH reduction results under the impacts of types and 
concentrations from 25g samples 
(2) lOg samples results verses 25g samples results 
The 3-way ANOVA was applied to statistically analyze for TPH reduction results for both 
lOg- and 25g-series samples for types and concentrations (i.e. 1 - 400mg/kg and 2 -
2000mg/kg) of added surfactants as well as the quantities of samples. The results were listed 
in Table 4.15. The surfactant type, surfactant concentration and the interaction of type and 
concentration all have no significant effects on the TPH reduction results. 
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Table 4.15 Results of 3-way ANOVA for TPH reduction results from both lOg and 25g 
experiments 
Source Type III SS df Mean Squares p-Value 
TYPE 0.086 2 0.043 0.290 
CONC 0.000 1 0.000 0.921 
QUANTITY 0.025 1 0.025 0.393 
CONC*TYPE 0.011 2 0.005 0.849 
QUANTITY*TYPE 0.018 2 0.009 0.768 
QUANTITY*CONC 0.026 1 0.026 0.383 
QUANTITY*CONC*TYPE 0.008 2 0.004 0.890 
Error 0.794 24 0.033 
Figure 4.18 presents the TPH reduction results under the impact of surfactant types and 
concentrations using scatter points. No significantly difference among the results of TPH 
reduction from 25g and lOg experiments at 400mg/kg and 2,000mg/kg was found from this 
figure. 
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F igure 4.18 The impacts of type and concentrations on TPH reduction results from 
both lOg samples and 25g samples 
The Q-Q plots of residuals for TPH reduction for the lOg-samples were not normally 
distributed, probably due to the relatively smaller sample size. However, conclusions drawn 
from ANOVA are still likely to be reliable due to the model robustness. 
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4.5 GC chromatography 
The biodegradation of TPH components in samples with or without addition of 
surfactants after biotreatment was analyzed using GC chromatograph profiles generated by 
the GC-FID. Figure 4.19 shows the 25g-series GC profiles for the sample before 
biotreatment (blue), the control sample without addition of surfactants after biotreatment 
(green) and the sample with 200 mg/kg of BS (i.e. with best TPH reduction) after 
biotreatment (red). The three profiles were from the BS-series experiments. The X axis 
denotes the retention time, and Y axis denotes the GC signal intensity which is directly 
related to the mass of TPH component. The amount of components could be determined by 
the peak area at the related retention time in the profile. The amount of extractable TPH was 
determined by the area under the chromatograph profile in the range of C10-C50. In Figure 
4.19, the time offset and the amplitude offset for samples were both set up to 3%. The large 
peaks at the left side of the profiles (i.e. < 5 minute) represent the solvents used in the 
extraction process, such as DCM (CH2CI2) and Hexane (C6H14) as well as the sample solvent 
Toluene (C7H8), and they were not included in the calculation of TPH mass. The blue profile 
has larger peak areas than the green profile, and the green profile has larger peak areas than 
the red one, especially before approximately 26 minutes of elution. This illustrates that 
biotreatment of sludge/soil mixture actually degraded TPH components into smaller 
molecules with fewer carbon chains. The addition of surfactants improved the biodegradation 
rate of TPH. However, there was no visible change in GC profiles and peak area after elution 
for 26 minutes. This was probably due to the fact that biotreatment was not effective for TPH 
components of the larger molecules with long carbon chains such as asphaltene over the 
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relatively short period of time for the study (i.e. 14 days). Consequently, the long chain 
hydrocarbons were not used by the microbial populations. The larger peak area of red profile 
after 26 minutes could be caused by better extraction of TPH from the sludge/soil mixture 
using DCM solvent enhanced by the addition of the surfactant. 
Figure 4.20 represents the GC chromatograph profiles for the 25g-series sample with best 
TPH reduction (i.e. with 200 mg/kg concentration of BS) (blue) and the lOg-series sample 
with best TPH reduction (i.e. with 2,000 mg/kg concentration of BS) (red) after biotreatment. 
The peak area in the red profile was noticeably smaller than the blue profile between 13 
minute and 25 minute, but not visible different outside this range. This illustrates that the 
removal of TPH components with medium-size molecules and carbon chains by 
biodegradation was enhanced by better oxygen supply during the 14-day biotreatment. 
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Figure 4.19 GC chromatograph for the 25g series sample before biotreatment (blue), the control sample without addition of 
surfactants after biotreatment (green) and the sample with 200 mg/kg addition of BS after biotreatment (red) 
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CHAPTER 5 DISCUSSTION 
5.1 Time course for biosurfactants production during biotreatment 
of oily sludge 
By monitoring oxygen uptake rate from the microorganisms in sludge/soil mixture 
during biotreatment, a typical pattern of microbial growth dynamics could be observed 
from the OUR curves (Figure 4.1). From the beginning to 192 hours, the lag phase of 
microbial growth was apparent, when microorganisms were adapting themselves to the 
environment. The high concentration of long carbon-chain hydrocarbons existing in 
sludge may cause the induction and/or depression of specific enzymes, genetic changes in 
cells for new metabolic capability as well as the enrichment of hydrocarbon-utilizing 
microorganisms (Spain et al, 1980; Spain and Van Veld, 1983; Leahy and Colwell, 1990). 
After that, the adapted microorganisms with sufficient nutrients and unlimited oxygen 
supply enter an unlimited growth phase, so the oxygen uptake rate increased rapidly and 
reached 13.58 g/kg after 14 days. The accumulated OUR results indirectly account for the 
biodegradability of petroleum hydrocarbons in oily sludge by native microorganisms in 
samples. 
During microbial attacks to the oil components, microorganisms are capable of 
producing some biosurfactants, such as sophorosides, Rhamnolipids or petidolipis 
attributed to secondary metabolism, and other products such as trehalose esters or 
coynomycolic acids involved in cellular adaptation to hydrophobic substrates (Hommel, 
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1990). Such surface-active substances could reduce the surface tension in the aqueous 
phase. The significant decrease of surface tension in the extracts by day 14 supports the 
conclusion that biosurfactants were produced during the biotreatment (Table 4.3 and 
Figure 4.2). The concentration of biosurfactants produced, however, was low and the 
decrease in surface tension observed was small. Since surfactants play an important role 
in improving the transport of pollutants into aqueous phase, mobilizing the soil-adsorbed 
pollutants, and improving the bioavailability of petroleum hydrocarbons to 
microorganisms, the extra addition of surfactants to the sludge/soil biotreatment process 
could be a good way to enhance TPH biodegradation. However, measurement of 
reduction in surface tension of soil extracts is an indirect method to detect the production 
of biosurfactants by native microorganisms. The confirmation for the production of 
biosurfactants involves the separation and identification of biosurfactants (Desai and 
Banat, 1997). 
5.2 Effect of added surfactant to OUR 
Surfactant type, surfactant concentration as well as the interaction between surfactant 
type and concentration all had significant effects on the total OUR results from the 25 g-
series experiments, including both positive and negative effects (Table 4.6). In the lOg 
series experiments, the sample quantity and the interaction types and concentrations of 
surfactant both have significant effects on total OUR results, but not the other factors, 
(type and concentration) and interactions were not significant likely owing to the use of 
only the two optimal concentrations and control used to observe the higher efficiency of 
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biodegradation than 25g samples (Table 4.10). 
5.2.1 Positive effects 
The positive effects induced by CS1, CS2 and BS at certain concentrations could be 
caused by three mechanisms stated below: (1) interaction of surfactant molecules with the 
petroleum hydrocarbons to improve the desorption from soil phase into aqueous phase, (2) 
increased apparent "solublization" of hydrocarbons by formation of micelles, and (3) 
emulsification of non-aqueous phase NAPLs from the sludge (Volkering et al., 1998). As 
shown in Table 3.1, CS1 and CS2 both have their HLB values higher than 10, so they 
could form oil-in-water emulsions and have a strong ability to improve oil removal from 
the soil matrix (Volkering et al, 1998); for BS, as a biosurfactant, it usually has better 
emulsification ability than chemical surfactants. From the OUR curves of BS-samples in 
Figure 4.7, it is evident that the addition of BS showed significantly higher OUR in the 
lag phase, especially at higher concentrations (i.e. 4,000 and 10,000 mg/kg), compared to 
samples with the addition of chemical surfactants. Usually during the lag phase, the 
microbes are adapting to the growth conditions with no immediate increase of cell 
number, and the cells are synthesizing new components such as new enzymes needed for 
using different nutrients (Prescott et al., 2005). Therefore, the OUR increase during the 
lag phase by addition of Rhamnolipids not only suggests that this biosurfactant is 
unlikely to have toxicity on most species of microorganisms in soil, but also indicates it 
accelerated microbial metabolism. It is recognized that the function of biosurfactants 
produced by a variety of microbes during growth on water-immiscible substrates is 
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closely related to the cell mobility, substrate accession and avoidance of toxic elements 
(Desai and Banat, 1997; Van Hamme et al., 2006). Thus the initial addition of 
biosurfactant to the soil/sludge mixture should exhibit a similar mechanism to improve 
microbial activities in the first phase of microbial growth, and save the time for secretion 
of biosurfactants by indigenous microbial cells. 
The highest total OUR results occurred in samples at 400-2,000 mg/kg addition for 
all 3 surfactants. For CS1 and BS, considering their CMC values (i.e. CMC(CSl) = 53.6 
mg/L, CMC(BS) = 150 mg/L) and the loss of surfactant from the adsorption onto/into the 
soil particles, it is possible that at the range of 400-2,OOOmg/kg, the surfactant molecules 
could form micelles in the liquid phase as well as single or double layers of molecules on 
the soil surface. Such structures would increase the "solubilisation" of petroleum 
hydrocarbons in the liquid phase among soil particles and enhance the "bioavailability" 
of hydrocarbons in the sludge/soil sample (Volkering et al., 1998). For CS2, however, the 
CMC in solution is 1990 mg/1 as indicated by the manufacturer. Considering the 
adsorption of surfactant molecules onto soil phase, it is thus unlikely that the formation of 
micelles could occur under the condition of adding surfactant to the sludge/soil mixture at 
concentration range of 400-2000mg/kg. Therefore, the improvement of OUR could be 
caused by the two mechanisms previously stated above. 
Moreover, the surfactant itself could be utilized by microorganisms as a carbon source, 
which could also increase the microbial growth in samples during biotreatment. The 
addition of surfactants could also help "de-adhesion" of microorganisms from the soil 
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surface and increase the chance of microbes contacting with or direct uptake of pollutants 
in aqueous phase, which is mostly beneficial to the uptake of hydrocarbons and microbial 
growth. 
5.2.2 Negative effects 
The negative effects were usually found in samples with the addition of higher 
concentrations, such as samples with addition of CS2 at higher concentrations (i.e. 2,000 
- 10,000 mg/kg) and samples with addition of BS at 10,000 mg/kg concentration. The 
most regular negative effect caused by surfactant likely due to the toxicity of the 
surfactant to microbial cells. As mentioned in chapter 2, the surfactant toxicity to 
microorganisms is mainly due to (a) the disruption of cellular membranes by interacting 
with the lipid components of surfactant which then makes cells lose microbial contents to 
the cell exterior, and (b) the reaction of surfactant molecules with proteins which are 
crucial to the proper functioning of microorganism cells, especially the transport of 
materials between cells and the exterior through the cell wall (Helenius and Simons, 1975; 
Swisher, 1987; Laha and Luthy, 1991; Volkering et al., 1998; Van Hamme et al., 2006). 
The OUR curves represented by Figure 4.5 for CS2 samples indicated that the higher the 
concentration of CS2, the greater the inhibition to bacterial growth, which could be 
explained by the increasing toxicity of CS2 with increasing concentration. Figure 4.6 
represents that total OUR results from the samples with addition of CS2 at 2,000-10,000 
mg/kg concentrations were significantly lower than those of addition of CS1 and BS. 
Since the CS2 is an anionic surfactant, it has been reported to be much more toxic than 
non-ionic surfactant and biosurfactant. Another possible reason for the great inhibition of 
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CS2 could be caused by lack of available micellar petroleum hydrocarbons, since under 
relatively high concentrations of addition of CS2 (i.e.2,000-10,000 mg/kg), the micelles 
or similar structures likely started to form in the aqueous phase or on the surface of soil. 
If the micellar contaminants could not be used by microbes, the formation of micelles 
would decreased the concentration of contaminants in water and slow down the microbial 
uptake and growth. 
As for CS1, it does not show an apparent inhibition since all the sludge/soil samples 
with addition of CS1 shows enhancement on their total OUR. (Figure 4.4) However, 
when concentration of CS1 addition increased to more than 2,000 mg/kg, the total OUR 
results started to decrease. One possibility could be that the low toxicity of CS1 
compromised part of positive effects brought by addition of CS1; another possibility 
could be caused by the "de-adhesion" of microbial cells from the surface of hydrocarbons 
improved by high concentrations of CS1 addition which inhibited the direct uptake and 
reduced the biodegradation of the contaminants. 
As for BS, it is evident that all of the samples with addition of the biosurfactant 
showed bigger OUR in the lag phase when compared to that with addition of chemical 
surfactants (Figure 4.7). However, when microbial growth entered the exponential phase, 
the experiments indicated that higher concentrations of biosurfactant in samples 
presented great accumulated inhibitory effects on OUR. Nevertheless, most studies 
reported that biosurfactants are usually non-toxic to microorganisms as compared to 
synthetic chemical surfactants (Makkar and Rockne, 2003); and the improvement of 
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OUR in the lag phase when the cells don't divide and OUR is directly related to the 
quantity of active cells, also has validated the non-toxicity of BS on the microbial growth 
in samples. Therefore, the inhibitory effects here during the exponential phase by high 
concentration of Rhamnolipids (i.e. 10,000 mg/kg) could be possibly explained by the 
accumulating toxicity of the increasing dissolution of more toxic organic compounds in 
aqueous phase. When the biosurfactant concentration is relatively higher, it may help 
dissolve more toxic organic compounds into the aqueous phase, such as the solubilized 
PAH which could greatly increase the toxicity to cells (Shin et al., 2005; Singh et al., 
2007). Such toxicity effects would compromise all the positive effects brought by the 
biosurfactant initially and showed inhibitory effects on microbial growth. It has been 
reported by Jin et al. (2007) that surfactant with lower HLB has a higher capacity to 
enhance the solubility of more toxic PAHs. The HLB of Rhamnolipids with 9.5 is 
relatively lower as compared to other two chemical surfactants used in the thesis 
experiments. This could be a possible reason that the biosurfactant addition would further 
improve the solubilization of more toxic PAHs. Another possible explanation for the 
inhibition of high concentrations of BS addition in samples could be caused by the "de-
adhesion" of cells from contaminants which decreased the direct uptake by 
microorganisms, similar to the discussion in CS1 series samples. 
5.2.3 lOg vs 25g 
Table 4.10 shows that the quantity of sample and the interaction types and 
concentrations of surfactant both have significant effects on total OUR results, but not 
factors, such as type, concentration, and the other interactions, owing to only 2 optimal 
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concentrations and control were selected to observe the higher efficiency of 
biodegradation than 25g samples. A smaller quantity of sample resulted in better oxygen 
supply. In the lOg-series experiments, all samples with addition of surfactant illustrated 
an improvement in total OUR compared to the control sample (Figure 4.10), indicating 
the positive effects induced by surfactant addition. Compared to 25g samples, lOg-
samples all showed higher total OUR (Figure 4.12), illustrating that with better oxygen 
supply, the microbial growth improved. The trend that different types and concentrations 
of surfactant addition affected total OUR in lOg samples was similar to that of the 25g 
samples. However, the inhibition effect of CS1 addition was magnified and was clearly 
observed from the OUR curves (Figure 4.9). It was probably due to better oxygen supply, 
more microbial populations participated in the biodegradation process, especially the 
types of microorganisms harmed by the addition of CS1. Consequently, the toxicity on 
microbe cells by CS1 addition in lOg samples was more obvious. It is also evident that 
the OUR curves from lOg-series experiments showed more variations than those from the 
25g-series experiments after day 10, which could also be explained by more types of 
microorganisms involved in the biodegradation process (Young and Cowan, 2004b). This 
may also explain the fact that no obvious difference of OUR was found among all 
surfactants during the lag phase (Figure 4.9), although BS was found to significantly 
increase the microbial growth during the lag phase observed from the 25g-series 
experiments. Since different types of microorganisms were active in the lag phase, they 
responded differently to the addition of BS. However, the exact mechanism for this 
difference between lOg and 25g samples is not clear from this study. 
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5.3 Effect of added surfactant to TPH reduction 
Surfactant type and surfactant concentration, but not the interaction between surfactant 
type and concentration had significant effects on the TPH reductions from the 25g-series 
experiments (Table 4.13). The lOg samples with the addition of surfactants all presented 
higher TPH reduction compared to control sample. The lOg-series samples also showed 
larger TPH reductions compared to the 25g-series samples, except for the samples with 
the addition of 400 mg/kg of CS1 (Figure 4.16, 4.18). 
5.3.1 TPH reduction and total OUR 
The trend for TPH reduction in most of the 25g samples was consistent with the total 
OUR results. The improvement of TPH reduction was likely due to the improvement of 
microbial growth during biodegradation of TPH from the addition of the surfactants. The 
inhibition of microbial growth in samples from addition of too much surfactant also 
resulted in lower TPH reduction. However, because the indigenous mixed cultures were 
used in this study to mineralize hydrocarbons, different species may consume different 
amounts of oxygen to degrade a certain amount of substrates, thus the total oxygen 
uptake rate may not be directly proportional to TPH reduction. Some samples (i.e. 20 
mg/kg CS1 and 20 mg/kg CS2) obtained higher total OUR but lower TPH reduction 
compared to control sample (Figure 4.13 - 4.14). This may be caused by the 
biodegradability of the surfactant. Surfactant can also be used by microorganisms as a 
carbon source when at low concentration and such a mechanism may also deplete oxygen 
and nutrients. The preferential uptake of surfactants by microorganisms could reduce the 
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mineralization of organic contaminants through a repression mechanism (Singh et al., 
2007), and the consumption of surfactant before contaminant removal would further 
decrease the enhancement effects (i.e. surface or interfacial tension decrease) 
(Oberbremer et al., 1990). Thus the microbial growth may have been improved, but TPH 
reduction decreased. 
5.3.2 BS vs CS 
TPH reduction was enhanced by biosurfactant (i.e. maximum 34.69% at 200 mg/kg 
of BS in sample 2) to a greater extent than that observed for both CS1- and CS2-series 
experiments (i.e. maximum of 25.40% at 400 mg/kg of CS1 in sample 3 and maximum 
25.02% at 400 mg/kg of CS2) even at a lower concentration (Figure 4.13 - 4.15). This 
indicates several advantages of biosurfactants over chemical synthesized surfactants for 
the bioremediation of contaminants, such as lower toxicity and higher emulsification 
ability (Desai and Banat, 1997). Another possible reason could be due to a weak 
association of petroleum hydrocarbons with the biosurfactant-molecules which could 
either assist petroleum hydrocarbons release from the soil matrix into the aqueous phase, 
or a direct association of the hydrocarbons taken up by bacteria. Unlike micelle formation 
by chemical surfactants which is probably unavailable for microbial attack, this 
association of petroleum hydrocarbons with biosurfactant molecules always improved the 
bioavailability of insoluble hydrocarbons and the petroleum hydrocarbons within this 
association could be utilized by microorganisms (Makkar and Rockne, 2003). 
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5.3.3 lOg vs 25g 
The positive effect induced by surfactant addition in samples could be due to the 
increased bioavailability of TPH due to the same mechanisms stated for the 25g samples. 
The inhibition effect in 400 mg/kg CS1 samples under better oxygen supply was 
unexpected. It is possible that more types of microorganisms were active in 
biodegradation process, so that the representation of microbial activities in CS1 samples 
was magnified, such as toxicity of CS1 on some types of microbial cells or 
biodegradability of CS1 by other types of microorganisms. Therefore, the relationship of 
total OUR and TPH reduction in the samples of 400 mg/kg CS1 were much more 
complicated to explain. However, the differences among TPH reduction results of these 
samples were not statistically significant (Figure 4.18). It is suggested to have more 
similar experiments conducted to help reveal the mechanisms of CS1 influencing the 
biodegradation at 400 mg/kg concentration. In lOg samples, BS samples also obtained 
better TPH reduction than CS1 or CS2 samples. The highest TPH reduction (i.e. 38.7%) 
achieved by lOg-series is the samples with addition of 2,000 mg/kg, which is competitive 
to similar studies (Van Hamme and Ward, 1998; Whang et al., 2008). 
5.4 Recommendations for industrial applications 
The biodegradation of storage tank oily sludge from an oil refinery with high 
concentrations of petroleum hydrocarbons was successfully enhanced by the addition of 
appropriate type and concentration of surfactants. This suggests that surfactant-added 
bioremediation is an applicable technology for efficiently treating petroleum wastes. The 
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information from this study on microbial growth and TPH reduction by adding 
surfactants with different types and concentrations during bioremediation treatment could 
be useful when choosing relatively optimal type and concentration of surfactants for 
treating the petroleum wastes in industry. In a practical application, the addition of BS 
may be more efficient for the reduction of TPH to low concentrations (i.e. 200-2,000 
mg/kg) due to the strong emulsification ability, although it may still cause inhibition 
effects potentially due to toxicity to cells or even to the environment. The relatively 
expensive cost of BS compared to CS1 or CS2 must also need to be considered. The 
addition of CS1 and CS2 improved microbial growth at certain concentrations (i.e. 400-
2,000 mg/kg) and they could also improve the reduction of TPH in contaminated soil 
with lower cost. However, the greater toxicity of CS2 to microorganism activity in the 
environment needs to be taken into account. 
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CHAPTER 6 CONCLUSION 
6.1 Summary of results 
6.1.1 Production of biosurfactants during biotreatment of samples 
The production of biological surfactants during sludge/soil bioremediation was detected 
through the decrease in surface tension of soil extracts. Such information provides a sound 
basis for developing effective approaches to biodegrade oily sludge. The statistical analysis 
of the surface tension data illustrated that the surface tension in the extracts of samples in the 
ST-series experiments decreased significantly by 14 days. 
6.1.2 Effects of surfactants on microbial growth 
Additions of Igepal CO-63C) at various concentrations, Cedephos FA-600 at less than 
2,000 mg/kg and Rhamnolipids at less than 10,000 mg/kg to the sludge/soil biotreatment 
process all showed accumulated positive effects on microbial growth, due to the increased 
bioavailability of hydrocarbons induced by addition of surfactant. However, higher 
concentration of Cedephos FA-600 and Rhamnolipids inhibited microbial growth, possibly 
due to toxicity of surfactants to hydrocarbon-degrading microorganisms or de-adhesion of 
cells from petroleum hydrocarbons. The biggest total OUR in both series of experiments 
occurred in samples with 400 and 2,000 mg/kg of surfactants. It is possible that at such 
concentrations the surfactants started to form micelles which could greatly increase the 
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"solubilization" of petroleum hydrocarbons directly degraded by microorganisms. It was also 
be observed from the experiments that chemical surfactants showed stronger ability to 
improve microbial growth than biosurfactant, it could be caused by strong ability of 
desorption of petroleum hydrocarbons from the soil matrix or the preferential biodegradation 
of chemical surfactants rather than petroleum hydrocarbons in samples. 
6.1.3 Effects of surfactants on TPH reduction 
During 14 days of biotreatment, it was observed that Igepal C0-630 concentration at 400 
mg/kg, Cedephos FA-600 concentration at 400 mg/kg and Rhamnolipids concentration at 200 
mg/kg in the sludge/soil samples were most effective for improving the TPH biodegradation, 
with TPH reductions of 25.40%, 25.02% and 34.69%, respectively. The higher TPH 
reduction obtained by a lower concentration of BS indicated the better ability of 
biosurfactants than chemical surfactants on improving the bioavailability of contaminants, 
likely due to better emulsification ability. The samples with 20mg/kg CS1 and CS2 achieved 
higher total OUR and lower TPH reduction, probably due to the preferential biodegradation 
of chemical surfactants rather than petroleum hydrocarbons. 
6.1.4 Improvement of TPH biodegradation through better oxygen supply 
The oxygen transfer in the respirometer flask was improved by using less (i.e. 10 g 
instead of 25 g) sludge/soil sample. Better oxygen supply enhanced both oxygen uptake rate 
and TPH reduction in samples with ideal concentrations of surfactants under most 
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circumstances, except for the TPH reductions in the samples with addition of 400 mg/kg CS1, 
which may be caused by preferential microbial uptake of CS1 when sufficient oxygen was 
supplied to the microorganisms involved in biodegradation process. The most TPH reduction 
(i.e. about 38.75%) after 14-day biotreatment was observed in the sample with addition of 
2,000 mg/kg Rhamnolipids during the lOg-series experiments. This result is very promising 
and compares favourably to other studies in the literature on biodegrading petroleum 
hydrocarbons in oily sludge under similar conditions. However, the statistical results of 
ANOVA for the data from this series of experiments suggested that bigger sample size would 
be required to detect the significant differences among the responses (i.e. Total OUR or TPH 
reduction) under the impacts of different factors (i.e. surfactant type and concentration). 
6.2 Limitations and further research 
In this thesis research, mixed cultures were used to degrade multiple petroleum 
hydrocarbons. The oxygen uptake rate and TPH reduction by the entire active microbial 
populations in samples were chosen as the response variables. Therefore, only the 
accumulated effects of adding surfactant could be observed for each sample. The results 
obtained from this study are valuable for selecting surfactants for the bioremediation of 
petroleum sludge/soil in practice. However, it is not very precise when determining the 
specific mechanisms of surfactant molecules influencing the process of biodegradation in the 
water-soil system. In order to obtain more precise descriptions of the mechanisms, pure 
culture or single pollutants should be utilized under less complicated conditions (i.e. pure 
water system). 
112 
Secondly, under the restriction of the laboratory respirometer, the experiments could only 
be conducted in a sealed system. Unsealing the bioreactor during the treatment will bring 
unexpected error to the results. Thus 14 days of biotreatment was chosen from considering 
this limitation. However, it would be more informative if continuous and longer-duration 
experiments could be conducted by adding more nutrients during treatment to keep the 
microorganisms growing in the presence of surfactants. In such a case, the results could 
reveal the trends of how surfactants influence the biodegradation in the exponential phase 
and stationary phase of microbial growth. 
Thirdly, the type of respirometer (BI-2000) is more suitable for use in wastewater 
biotreatment. When using this equipment for soil treatment, there are still some uncertainties 
regarding the effectiveness of treatment and a number of adjustments could be made, 
especially for the application of a continuous tests. Since opening of respirometer flask for 
biotreatment of samples during the treatment process would lead to unpredictable errors in 
the measured results, this was not an option. High moisture content (90%) in soil samples 
was recommended by the manufacturer to improve the limited oxygen supply in the flask, 
but with high concentration of oil sludge in sample, water contents more than 25% (w/w) 
would even block oxygen transfer and make the situation worse. In the thesis experiments, a 
smaller sample was used to increase the ratio of surface soil to improve the oxygen supply. 
Alternatively a soil specific respirometer (Fiu'za and Vila, 2005) would improve the quality 
of the respirometry test instead of the headspace gas respirometer. 
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Fourthly, the determination of TPH concentrations in samples by the GC would be more 
accurate if multiple internal standards could be applied, and the results will be more 
informative if F2, F3 and F4 (CCME, 2001) or alkanes, aromatics, and asphaltenes could be 
separately determined before and after biotreatment. Due to the difficulty in mixing sludge 
and soil homogeneously, the deviation between the duplicates of TPH extraction was large. 
More replicates or larger amounts of samples to be extracted (i.e. >lg) should be conducted 
to improve the quality of results, or better mixing method should be considered in further 
research. 
Lastly, other factors which would be beneficial to the process of biodegradation and the 
related data explanation were not considered in this study. For instance, the adaptation of 
microorganisms, the plate count of active mixed cultures and the identification of microbial 
populations involved in TPH biodegradation in samples. The information from the results of 
these factors would be important when revealing the mechanisms of microbiological 
degradation of petroleum hydrocarbons under the impacts of surfactants. 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 
Treatment (20 mg/kg (200 mg/kg (400 mg/kg (2,000 mg/kg (4,000 mg/kg (10,000 mg/kg (0 mg/kg CS1) 
CS1) CS1) CS1) CS1) CS1) CS1) (Control) 
Runl 15.82 15.67 15.96 16.64 15.09 15.37 13.60 
Run2 14.91 15.16 15.38 15.53 13.45 14.74 13.66 
Run3 13.61 13.40 15.64 16.91 14.93 14.47 13.76 
Average 14.78 14.74 15.66 16.36 14.49 14.86 13.67 
Standard 
Deviation 1.11 1.19 0.29 0.73 0.90 0.46 0.08 
%SD 7.52% 8.08% 1.86% 4.47% 6.24% 3.11% 0.59% 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 
Treatment (20mg/kg (200mg/kg (400mg/kg (2,000mg/kg (4,000mg/kg (10,000mg/kg (0mg/kgCS2) 
CS2) CS2) CS2) CS2) CS2) CS2) (Control) 
Runl 14.01 14.44 16.25 11.55 4.19 4.16 13.67 
Run2 14.44 16.03 17.60 13.73 4.70 3.20 13.62 
Run3 15.02 14.25 14.89 12.46 5.65 5.82 13.72 
Average 14.49 14.91 16.25 12.58 4.85 4.39 13.67 
Standard 
Deviation 0.51 0.98 1.36 1.10 0.74 1.33 0.05 
%SD 3.50% 6.56% 8.34% 8.71% 15.29% 30.17% 0.37% 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Treatment 
Sample 1 
(20 mg/kg 
BS) 
Sample 2 
(200 mg/kg 
BS) 
Sample 3 
(400 mg/kg 
BS) 
Sample 4 
(2,000 mg/kg 
BS) 
Sample 5 
(4,000 mg/kg 
BS) 
Sample 6 
(10,000 mg/kg 
BS) 
Sample 7 
(0 mg/kg BS) 
(Control) 
Runl 14.84 14.85 14.40 15.79 14.98 12.13 13.76 
Run2 15.23 14.45 15.06 13.67 14.27 10.90 13.77 
Run3 13.76 13.37 14.12 15.29 12.88 11.53 13.61 
Average 14.61 14.22 14.53 14.92 14.04 11.52 13.71 
Standard 
Deviation 0.76 0.77 0.48 1.11 1.07 0.62 0.09 
%SD 5.21% 5.38% 3.33% 7.43% 7.61% 5.34% 0.65% 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Treatment 
Sample 3 
(400 mg/kg 
CS1) 
Sample 4 
(2,000 mg/kg 
CS1) 
Sample 3 
(400 mg/kg 
CS2) 
Sample 4 
(2,000 
mg/kg CS2) 
Sample 3 
(400 
mg/kg BS) 
Sample 4 
(2,000 mg/kg 
BS) 
Sample 7 
(0 mg/kg 
surfactant) 
Runl 17.26 16.75 18.05 15.43 15.09 15.79 15.34 
Run2 14.84 15.08 16.73 17.13 14.20 15.13 13.87 
Run3 19.94 17.29 19.19 16.21 19.15 18.59 18.02 
Average 17.34 16.38 17.99 16.26 16.14 16.50 15.74 
Standard Deviation 2.55 1.15 1.23 0.85 2.64 1.84 2.10 
%SD 14.71% 7.03% 6.84% 5.22% 16.34% 11.13% 13.37% 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 
Treatment (20 mg/kg (200 mg/kg (400 mg/kg (2,000 mg/kg (4,000 mg/kg (10,000 mg/kg (0 mg/kg CS1) 
CS1) CS1) CS1) CS1) CS1) CS1) (Control) 
Runl 51.36 51.67 56.61 50.03 49.26 58.69 55.40 
Run2 63.04 44.16 46.17 52.62 49.36 44.98 59.30 
Run3 61.64 56.54 46.61 48.19 53.75 54.03 58.50 
Average 58.68 50.79 49.79 50.28 50.79 52.57 57.73 
Standard 
Deviation 6.38 6.24 5.90 2.22 2.57 6.97 2.06 
%SD 10.87% 12.28% 11.85% 4.42% 5.05% 13.26% 3.56% 
TPH 
reduction (%) 12.09% 23.91% 25.40% 24.68% 23.91% 21.25% 13.51% 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 
Treatment (20 mg/kg (200 mg/kg (400 mg/kg (2,000 mg/kg (4,000 mg/kg (10,000 mg/kg (0 mg/kg CS2) 
CS2) CS2) CS2) CS2) CS2) CS2) (Control) 
Runl 50.32 62.39 54.24 54.90 62.75 64.73 54.92 
Run2 59.99 47.41 50.32 59.46 65.81 66.90 61.55 
Run3 66.33 55.67 45.59 59.90 61.51 56.72 52.60 
Average 58.88 55.16 50.05 58.09 63.36 62.78 56.36 
Standard 
Deviation 8.06 7.50 4.33 2.77 2.21 5.36 4.65 
%SD 13.69% 13.61% 8.65% 4.76% 3.49% 8.54% 8.24% 
TPH 
reduction (%) 11.79% 17.37% 25.02% 12.98% 5.08% 5.95% 15.57% 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 
Treatment (20 mg/kg (200 mg/kg (400 mg/kg (2,000 mg/kg (4,000 mg/kg (10,000 mg/kg (0 mg/kg BS) 
BS) BS) BS) BS) BS) BS) (Control) 
Runl 58.15 43.15 40.32 48.31 53.59 64.20 54.36 
Run2 49.76 45.96 45.84 40.27 50.92 54.54 54.98 
Run3 42.85 41.67 47.50 47.96 51.89 71.17 59.17 
Average 50.25 43.59 44.55 45.51 52.13 63.30 56.17 
Standard 
Deviation 7.66 2.18 3.76 4.54 1.35 8.35 2.62 
%SD 15.24% 5.00% 8.43% 9.98% 2.60% 13.19% 4.66% 
TPH 
reduction (%) 24.71% 34.69% 33.25% 31.81% 21.90% 5.17% 15.85%
a 
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Appendix Table 5 Results of TPH concentration (g/kg) in samples after 14 days of biotreatment (CS1 series) 
Treatment 
Sample 3 
(400 mg/kg 
CS1) 
Sample 4 
(2,000 mg/kg 
CS1) 
Sample 3 
(400 mg/kg 
CS2) 
Sample 4 
(2,000 
mg/kg CS2) 
Sample 3 
(400 mg/kg 
BS) 
Sample 4 
(2,000 
mg/kg BS) 
Sample 7 
(0 mg/kg 
surfactant) 
Runl 73.23 56.36 64.72 63.25 60.08 56.42 65.96 
Run2 54.69 51.76 47.07 43.72 39.67 40.26 50.95 
Run3 32.49 31.37 33.15 28.21 27.62 25.97 42.58 
Average 53.47 46.49 48.32 45.06 42.45 40.88 53.16 
Standard Deviation 20.40 13.30 15.82 17.56 16.41 15.24 11.85 
%SD 38.15% 28.60% 32.75% 38.96% 38.65% 37.27% 22.28% 
TPH reduction (%) 19.90% 30.35% 27.62% 32.50% 36.40% 38.75% 20.35% 
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